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ANALYSIS OF β8 INTEGRIN IN NEUROGENESIS AND NEUROVASCULAR 
HOMEOSTASIS 
 
Publication No. ________ 
 
Aaron Kyle Mobley, BS 
Supervisory Professor: Joseph McCarty, PhD 
Neurogenesis in the adult mouse brain occurs within the subventricular zone (SVZ) 
of the lateral ventricle. In the SVZ, neural stem cells (NSC) reside in a specialized 
microenvironment, or vascular niche, consisting of blood vessels and their 
basement membranes. Most NSCs in the SVZ differentiate into progenitor cells, 
which further differentiate to generate neuroblasts, which then migrate from the SVZ 
to the olfactory bulbs (OB) along the rostral migratory stream (RMS). ECM-
mediated adhesion and signaling within the vascular niche likely contribute to 
proper NSC self-renewal, survival, differentiation and neuroblast motility. The 
mechanisms that control these events are poorly understood. Previous studies from 
our group and others have shown that loss of the ECM receptor, αvβ8 integrin, in 
NSCs in the embryonic mouse brain leads to severe developmental vascular 
defects and premature death. Here, the functions of αvβ8 integrin in the adult brain 
have been examined using mice that have been genetically manipulated to lack a 
functional β8 integrin gene. This study reveals that loss of β8 integrin leads to 
 vii 
widespread defects in homeostasis of the neurovascular unit, including increased 
intracerebral blood vessels with enhanced perivascular astrogliosis. Additionally, β8 
integrin dependent defects in NSC proliferation, survival, and differentiation, as well 
as neuroblast migration in the RMS were observed both in vivo and in vitro. The 
defects correlated, in part, with diminished integrin-mediated activation of TGFβ, an 
ECM ligand of β8 integrin. Collectively, these data identify important adhesion and 
signaling functions for β8 integrin in the regulation of neural stem and progenitor 
cells in the SVZ as well as in neuroblast migration along the RMS in the adult brain.  
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CHAPTER 1: 
Introduction and Background 
The Neurovascular Unit 
Within the vertebrate central nervous system (CNS) there are many different 
cell types including neuronal and glial cells, as well as the vascular endothelial cells 
and pericytes that comprise the brain vasculature.  Taken together, these cells and 
their basement membranes make up the neurovascular unit (NVU) (1) (Figure 1). 
The dynamic interactions between the cells of the NVU and the extracellular matrix 
proteins within their basement membranes regulate CNS development as well as 
many homeostatic events, such as neurogenesis, blood brain barrier permeability, 
cerebral blood flow, and synaptic activity (2-4).  
Intimate associations between neural cells and vascular cells begin in the 
early stages of embryonic brain development. Angiogenic blood vessels migrate 
into the embryonic brain along a scaffold of neuroepithelial and radial glial cells (5, 
6). In the neonatal CNS, blood vessel-derived cues regulate differentiation of glial 
precursors in the cerebral cortex (7, 8). Additionally, in the adult brain, interactions 
at the NVU are necessary for proper neurogenesis (1). Neural stem cells are closely 
associated with blood vessels, and their association regulates stem cell fate and 
behavior (9-11). Furthermore, soluble growth factors from NSCs and blood vessels 
influence neural and vascular behaviors in the avian higher vocal center (12). CNS 
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neural cells provide signals that influence blood vessel growth, survival and blood-
brain-barrier (BBB) integrity (13, 14).  
Abnormal interactions within the NVU can lead to several CNS pathologies, 
including birth defects, Alzheimer’s disease, stroke and cancer (15). An ischemic or 
hemorrhagic insult during brain development can lead to porencephaly, 
hydrocephaly, mental retardation and cerebral palsy (16, 17). Dementia and 
Alzheimer’s disease studies have shown impaired amyloid-beta clearance through 
disruption of LRP1 functions, as well as increased influx into the brain through the 
RAGE receptor, both of which direct amyloid-beta transport across the BBB (18). 
Other studies have shown that endothelial cells can directly release neurotoxins, 
including apolipoprotein-E and activated thrombin, that kill neurons (19, 20). 
Disruption of the neurovascular unit and the BBB has been implicated in stroke, 
characterized by hemorrhage and vascular occlusion. Upon ischemic infarct, the 
integrity of the basement membrane is compromised and loss of matrix-associated 
receptors has also been noted (21, 22).  Furthermore, brain cancers are 
characterized by blood vessels that exhibit abnormal NVU cytoarchitecture and BBB 
functions. Also, brain tumor-initiating cells lie within a neurovascular niche that 
promotes tumor growth and invasion (23-25).  
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Figure 1: The Neurovascular Unit 
The vasculature in the CNS shows unique cellular associations. Astrocytic and 
neuronal endfeet closely associate with the cerebral blood vessels through direct 
contact with the basement membrane secreted by the vascular endothelial cells and 
pericytes. In specific regions of the brain, neural stem and progenitor cells are 
intimately associated with the vasculature as well. The interactions between these 
cell types regulate many functions within the CNS. This figure was adapted from 
McCarty JH, 2005 (1). 
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Neural Stem Cells 
Stem cells are defined by their specialized ability to self renew, produce 
progenitor cells and differentiate into multiple lineages (26). These characteristics of 
stem cells must be tightly regulated for proper development and organization in the 
tissue. It is clear that the specialized nature of stem cells is dependent upon signals 
from the surrounding cells, basement membrane and extracellular matrix (ECM) 
proteins. This dependence upon signals from the surrounding microenvironment, 
originally discovered in hematopoietic stem cells, has led these areas to be termed 
a ‘stem cell niche’. Schofield et al. (26) originally described a stem cell niche with 
the following characteristics: 1) stem cells held in a fixed anatomical location; 2) 
control of the proliferation and self renewal of the stem cells; 3) restrictions on stem 
cell differentiation; and 4) maintains a fixed number of stem cells in the niche (26). 
During brain development, neuroepithelial cells found in the ventricular zone 
are responsible for generating most neuronal and glial cells (27). Upon thickening of 
the developing brain, some neuroepithelial cells elongate and change into radial glia 
cells. Radial glia are thought to be glial cell progenitors because they express many 
glial markers including, glial fibrillary acidic protein (GFAP) and the glutamate 
transporter GLAST (27, 28). Radial glia cell bodies remain in the ventricular zone 
and extend long processes to the pial surface of the brain and continue to maintain 
contact with both the ventricular and pial surfaces throughout development (27). 
The radial glia cells act as a scaffold upon which differentiating neurons migrate. 
Radial glia cell processes continue to extend upon expansion of the cortex to 
maintain direct contact with the pial surface. After neuronal migration is complete, a 
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sub-population of radial glia cells convert into SVZ astrocytes, and remain in an 
undifferentiated state within the adult brain (5, 29).  
The adult CNS maintains two regions where neural stem cells (NSCs) reside; 
the subgranular zone (SGZ) of the hippocampal dentate gyrus and the 
subventricular zone (SVZ) of the lateral ventricle, both of which generate neurons 
and glia. The stem cells found in these regions show remarkable similarities to 
astrocytes, including expression of GFAP, a widely used astrocyte marker (30). 
Both of these locations are associated with a specialized neurovascular unit termed 
the vascular niche (1). Outside of these two regions, neurogenesis is very restricted 
unless affected by a pathological stimulation. After a pathological stimulation, such 
as a tumor or stroke, neuroblasts from known neurogenic regions migrate to regions 
that are normally non-neurogenic (31). While very little is understood about how 
NSCs adhere and communicate with the ECM components of the neurovascular 
niche, the identification and organization of the two niches has been studied greatly.  
 
Subgranular Zone of the Dentate Gyrus 
New granule neurons for the hippocampal dentate gyrus are generated from 
within the subgranular zone (SGZ) of the dentate gyrus (DG) (32). The SGZ is a 
region of the hippocampus found between the dentate gyrus and the hilus. The SGZ 
is very organized around the vasculature. The SGZ contains several different cells 
types including specialized astrocytes, which act as the precursors, immature 
neuronal precursors, termed Type D cells, newly formed neurons and the 
endothelial cells of the associated vasculature (32). The specialized astrocytes, 
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termed Type B cells within both neurogenic regions, extend a process spanning 
from underneath the dentate gyrus to the granule cell layer. Type B cells give rise to 
Type D cells, neuronal committed progenitor cells that express Poly-Sialated Neural 
Cell Adhesion Molecule (PSA-NCAM) a marker of neuronal differentiation (9). Type 
D cells then continue to differentiate into granule neurons (type G cells) (Figure 2B). 
The newly formed granule neurons migrate a very short distance to the granule cell 
layer and extend an axon into the CA3 region of the hippocampus (9).  
New neurons have been shown to be involved in learning and memory in the 
hippocampus. Animal studies using mice in enriched environments, where mice are 
allowed to exercise and play with toys, versus ordinary cages revealed increased 
neurogenesis as evidenced by increased proliferation of DG cells (33). Many 
environmental factors have been shown to affect SGZ neurogenesis including 
stress, seizures and drug abuse (32). In artificially-induced epileptic seizures, mice 
displayed an increase in hippocampal neurogenesis; however the new neurons 
were aberrantly incorporated into neuronal networks (34). Studies of prolonged 
usage of morphine caused a significant reduction in neurogenesis of the rat 
hippocampus, which may be responsible for cognitive defects in chronic drug users 
(35). 
 
 
Subventricular Zone of the Lateral Ventricle 
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 The other neurogenic region in the adult brain, the subventricular zone 
(SVZ), contains five main cell types: SVZ astrocytes, transit amplifying cells, 
neuroblasts, vascular endothelial cells, pericytes and ependymal cells (36). Cellular 
markers and appearance at the ultrastructural level were used to identify these cell 
types. SVZ astrocytes (type B cells), like the SGZ astrocytes, act as the precursors. 
B cells express GFAP have light cytoplasm, irregularly shaped nuclei, and extend a 
single cilium into the ventricle (37). Type B cells show stem cell properties including 
self-renewal and are multipotential, giving rise to both neurons and glia. Neuroblasts 
(type A cells) are identified by their dark cytoplasm and elongated nuclei, as well as 
expression of doublecortin (DCX) and PSA-NCAM (37). Type A cells form chains, 
which are ensheathed in type B cells (38). Transit amplifying cells (type C cells) are 
found in clusters around the neuroblasts and are marked by their large, spherical, 
deeply invaginated nuclei and their high rates of proliferation (37). Ependymal cells 
are found lining the ventricle and exhibit very light cytoplasm and round nuclei and a 
lack of proliferation (37) (Figure 2A).  
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Figure 2: The Adult Neurovascular Niches 
In the adult brain there are two main regions of neurogenesis; the subventricular 
zone (SVZ) of the lateral ventricle and the subgranular zone (SGZ) of the dentate 
gyrus. (A) The subventricular zone has is made up of neuroblasts (type A cells), 
neuronal progenitors, surrounded by neural stem cells (B cells), and transit 
amplifying cells (type C cells), which are highly proliferative progenitor cells. These 
cells are found just beneath the ependymal cell layer (E cells) all of the cell types 
within the SVZ are very closely associated with a specialized vasculature with areas 
of direct contact between the NSCs and endothelial basement membrane. (B) The 
SGZ consists of neural stem cells (type B cells) closely associated with the 
vasculature. NSCs go on to differentiate into immature proliferative cells (type D 
cells), which further differentiate into granule neurons (type G cells), which integrate 
into the hippocampal neuron network. (C) Neuroblasts from the subventricular zone 
(SVZ) migrate along a defined pathway termed the rostral migratory stream (RMS) 
to the olfactory bulb (OB) where they fully differentiate into interneurons. Adapted 
from Doestch, 2003 (39).  
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Figure 2 
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Role of Vasculature in Stem Cell Niche 
In the healthy postnatal brain most of the vasculature is quiescent, however, 
in neurogenic regions there are angiogenic capillaries (40). While it has been noted 
that NSCs closely associate with the proliferating vasculature, the importance of this 
association has not been studied until recently (9). In the adult brain there has been 
a link shown between angiogenesis and neurogenesis. Studies of songbird 
neurogenesis reveal that upon induction of angiogenesis in the brain, there is 
increased migration of newly developed neurons in the high vocal center, a 
neurogenic region in the songbird brain (12). Also, in the mammalian hippocampus, 
new neurons are generated in close association with angiogenic vessels (9). 
Furthermore, in vitro studies co-culturing endothelial cells and NSCs show that 
diffusible signals from endothelial cells enhance NSC self-renewal (41).  
The SVZ contains a vascular plexus and NSCs and are adjacent to the 
vessels of this unique plexus (42). Blood vessels and NSCs maintain direct contact 
within the SVZ at regions of the vessels where there is minimal astrocyte or pericyte 
coverage and enhanced blood brain barrier permeability (42). This direct 
association is exclusive to the SVZ and has not been noted elsewhere in the brain 
including other neurogenic regions (42). NSCs in the SVZ are also affected by 
circulating diffusible signals from the endothelial cells, to which they have direct 
access (41). The role of these diffusible molecules as well as adhesive receptors 
appears to be important for maintaining proper architecture and regulation of the 
SVZ neurogenic niche.  
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Neuroblast Migration and the RMS 
Cell migration from the SVZ is accomplished by neuroblasts. Cells leaving 
the SVZ migrate tangentially along a well-defined rostral migratory stream (RMS) 
toward the olfactory bulb (OB) (Figure 2C). Cells arriving in the OB differentiate into 
interneurons and integrate into neuronal circuitry. These new neurons are thought 
to function in odor recognition and short-term odor memory (43). There are four 
major cell types identified in the RMS; neuroblasts, GFAP-positive astrocytes, 
microglia and endothelial cells from the vasculature (38). The major cell type is the 
neuroblast, which forms organized chains that polarize in the direction of migration. 
Migration of neuroblasts along the RMS is different from migration during 
development because there are no radial glia or axonal processes upon which the 
neuroblasts migrate. The other major cell type in the RMS is the astrocyte, which 
form a tube surrounding the neuroblasts, termed the glial tube, and may act as a 
scaffold for migration (44). Astrocytes surrounding the neuroblasts maintain 
coverage from the wall of the lateral ventricle all the way to the core of the OB. The 
glial tube’s function is unknown, but does not appear to be absolutely required for 
neuroblast migration in vitro, however, factors secreted by these cells do show an 
enhancement of migration (45). Astrocytes may be acting as a boundary for the 
neuroblasts to migrate within or may physically prevent the neuroblasts from leaving 
the RMS, or may provide directions for the neuroblasts through growth factor 
secretion (46). The ECM plays a large role in RMS migration; it is also possible that 
cues could come from the closely associated vasculature to regulate migration (47, 
48). Indeed, blood vessels align parallel to the RMS and are closely associated with 
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migrating neuroblasts (49). Upon arrival in the OB, neuroblasts migrate radially as 
individual cells and fully differentiate into granule and glomerular layers as inhibitory 
interneurons (38, 50).  
 
Integrins 
Cells within the neurovascular niche, including NSCs, express varying levels and 
types of cell surface adhesion molecules, which include many members of the 
integrin family of proteins (51). Integrins are heterodimeric cell surface receptors 
and are the primary receptors for cell-cell adhesions and adhesion to ECM ligands 
(52). The ligand-binding site is found in the head domain of the α subunit of the 
heterodimer in the extracellular portion of the protein. The cytoplasmic tails of most 
integrins are short sequences of approximately 50 amino acids (53). While α 
subunit cytoplasmic tails show great diversity, there is remarkable homology in the 
β subunits. Most β subunits contain at least one NPXY motif, which is important for 
its intracellular signaling capabilities (53). Integrin signaling events control multiple 
cellular activities including proliferation, migration and differentiation (52, 54). 
Signaling through integrins can take place by two different mechanisms, inside-out 
or outside-in. Inside-out signaling regulates the integrins affinity for its ligand. 
Intracellular signaling causes phosphorylation on the cytoplasmic tail of the β 
subunit, which then allows for ligand binding on the extracellular binding domain. 
Outside-in signaling starts with ligand binding, causing a conformational change in 
which the cytoplasmic tails separate, allowing activation of signaling events inside 
the cell (55).  
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In vertebrates there are 18 genes encoding α subunits and 8 genes encoding 
β subunits, which combine to form 24 different αβ heterodimers (Figure 3). Integrins 
can be divided into several subfamilies based upon their ligand specificity and 
evolutionary characteristics. These groups include laminin-binding, and RGD 
recognizing integrins, which are considered ancient and highly conserved 
throughout all metazoans from sponges to humans (56). The other, more recently 
evolved groups include collagen binding and leukocyte integrins, which have only 
been found in chordates and vertebrates, respectively (55).  
 Laminin binding integrins consist of α1β1, α2β1, α3β1, α6β1, α7β1, and 
α6β4. This family can be further divided into smaller subgroups based upon where 
they bind to the laminin molecule. One cluster binds to the long arm of laminin, this 
group includes α3β1, α6β1 and α7β1. The second, group (α1β1 and α2β1), which 
contain an I domain, binds to the cross region of laminin (57). RGD recognizing 
integrins, including α5β1, αvβ1, αvβ3, αvβ5, αvβ6, αvβ8, and αIIbβ3, recognize a 
tripeptide sequence consisting of the amino acids arginine-glycine-aspartic acid 
(RGD), which is expressed on the ligands. The RGD sequence is found in a variety 
of different ECM ligands including; vitronectin, fibronectin, osteopontin, and many 
others. RGD integrins are expressed on various cell types and are involved in many 
physiological events including angiogenesis, apoptosis, and bone resorption and 
they appear to play a major role in development (58). 
 The collagen binding and leukocyte integrins’ α-subunits all share a common 
I-domain. Collagen binding integrins include α1β1, α2β1, α3β1, α10β1, and α11β1. 
These integrins recognize a short peptide sequence (GFOGER), similar to the RGD 
 14 
sequence, which is found in the triple helical collagen-I molecule (59). Functional 
studies of collagen binding integrins show the involvement of α2β1 integrin in the 
activation and aggregation of platelets (60). αLβ2, αMβ2, αXβ2, and αDβ2 make up 
the subgroup of leukocyte integrins.  These integrins, all containing the β2 subunit, 
are involved in immune response. Defects in β2 integrins in humans have been 
attributed to impaired tissue remodeling, wound healing, as well as increased 
susceptibility to bacterial infections (61). 
 Several integrins are expressed in the cells of the neurovascular unit and 
within the neural stem cell vascular niche. The vascular endothelial cells express 
α1β1 and α6β1, both laminin receptors. Upon a pathological insult, such as 
ischemia, the levels of these integrins are dramatically decreased. Astrocytes 
express several integrins as well, including α6β1 and α6β4 on the endfeet, which 
directly associate with the vascular basement membrane and regulates astrocyte-
ECM adhesion in the NVU. Loss of α6β4 following stroke correlates with increased 
BBB permeability.  Furthermore, αvβ3 integrin is expressed on both the neural and 
vascular cells of NVU and is greatly upregulated following ischemic stroke. Upon 
inhibition, using a αvβ3 selective inhibitor, after artificial stroke in a rat middle 
cerebral artery occlusion (MCAO) model, animals showed decreased BBB 
breakdown and edema as well as improved neurological function (62). Many 
integrins are specifically expressed in NSCs as well, including several β1 integrins 
as well as αvβ5 and αvβ8 integrin (51). β1 integrin has been used as a cell surface 
marker for isolation and purification of NSCs from the more differentiated 
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neuroblasts (51). While the expression of many integrins on the surface of NSCs 
has been noted, their functional role has not been well characterized.  
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Figure 3: Integrins 
In mammals 18 α and 8 β subunits combine to form a possible 24 distinct αβ 
heterodimers. The individual heterodimers can be classified into four different 
groups based upon their ligand specificity. Those groups include RGD (green), 
collagen (orange, purple), and laminin (blue, purple) binding integrins as well as 
leukocyte specific (red) integrins. 
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αv Integrin Subfamily 
 The αv integrin subfamily contains five different heterodimers: αvβ1, αvβ3, 
αvβ5, αvβ6 and αvβ8. Even though all of these integrins recognize the RGD peptide 
sequence, they bind to a diverse array of ligands. These integrins are widely 
expressed throughout the body, however the expression of each is tightly regulated. 
Developmental expression includes neural crest cells (63), radial glial cells, muscle 
(64), epithelial (65) and endothelial cells (66). Taken together, the many ligands and 
tight regulation of expression suggest many roles for αv integrins.  
 To study the function of integrins in vivo, gene knockout mouse models have 
been created for nearly all of the integrin subunits, including all of the members of 
the αv subfamily (52). Ablation of the αv integrin gene results in lethality; however, 
most development progresses almost normally and some mice are born alive. Mice 
homozygous for the αv null allele die at two different timepoints. The first 
developmental defect begins between embryonic days 9.5 and 10.5 (E9.5-E10.5), 
showing delayed growth as well as pericardial edema. The majority of αv null 
embryos at E10.5 are dead and resorped, while a small percentage appears to be 
developing normally. The latter population survives through development and 
results in viable αv null offspring; however, these mice develop intracranial 
hemorrhage and a cleft palate, which results in lethality shortly after birth. 
Intracerebral hemorrhage first appears around E12.5 within the ganglionic 
eminence of the telencephalon (Figure 4A). The hemorrhage spreads to the 
diencephalon and into the cortical hemispheres as development progresses. 
Histological examination of αv null mice after E12.5 revealed dilated vessels in the 
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forebrain as well as cavitation in the ganglionic eminence. Clearly, the αv subfamily 
of integrins is very important for proper formation of the CNS vasculature (67).  
 Deletion of the αv gene shows a drastic phenotype, but because all five of 
the αv binding β-subunits are deleted it is impossible to tell which specific integrin is 
responsible for the vascular phenotype. Genetic knockout mouse models have been 
described for all five of the β subunits that associate with αv. Mice genetically null 
for the β1 subunit, which can bind with αv as well as 11 other α subunits, show a 
dramatic phenotype as well. These mice develop normally up until the blastocyst 
stage but die shortly after implantation in the uterus at day E6.5. In the β1 null 
blastocysts implanted in the uterine wall, there is no indication of the inner cell mass 
cells, the cells that become the embryo. However, the trophoblast cells, the cells 
that develop into the placenta, were still present. This suggests that the inner cell 
mass cells are dying sooner than the trophoblast cells (68). Inactivation of the β3, 
β5 or β6 integrin genes in mice produce mice that are viable and fertile.  β3 null 
mice develop hemorrhage in the skin and the gastrointestinal tract after birth, these 
defects have been attributed to β3 integrin’s binding with αIIb, as knockout mice for 
αIIb show an identical phenotype (69, 70). β5 null mice show no obvious 
developmental defects (71) but exhibit age-related retinal dysfunction (72). β6 
integrin, which is expressed only in epithelial cells, shows inflammation in the skin 
and the lungs upon deletion in mice (73). β8 null mice appear to develop normally 
until E10.5, after which about half of them exhibit poorly vascularized yolk sacs.  
Some have no heartbeat, while others show an enlarged pericardiac cavity. The 
other 50% of β8 null mice appear normal at E10.5. By E11.5 half of the remaining 
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null mice begin to be absorbed and deteriorate, while the rest of them still appear 
normal. Interestingly, by E12.5 an intracerebral hemorrhage identical to that seen in 
the complete αv null model appears and gets progressively worse towards birth 
(Figure 4B, D). These mice are viable, but die shortly after birth (74). Based on 
knockout models of all five αv-binding β subunits, the loss of only one integrin, 
αvβ8, is responsible for the neurovascular defects seen in the brain.  
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Figure 4: CNS Specific Vascular Pathologies During Development in αv and 
β8 Knockout Mice. 
(A,B) Complete αv or β8 null mice develop intracerebral hemorrhage beginning at 
embryonic day 12.5 (E12.5). This hemorrhage gets progressively worse towards 
birth and is readily evident at postnatal day 0 (P0). (C, D) Wild type and β8 
knockout brains at P0. Notice the severe hemorrhage seen throughout the brain in 
the β8 knockout.   
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αvβ8 Integrin 
β8 integrin is only known to bind to the αv subunit (75). αvβ8 integrin’s 
expression is very limited. The mRNA for β8 is seen in only the ovary, uterus, 
kidney, placenta and brain, with the highest levels being seen in the brain, 
suggesting a brain specific function (75). β8 protein is highly expressed in the brain 
but in very specific regions. Through immunohistochemical analysis, β8 is highly 
expressed in the CA3 region, and the molecular and granule layers of the dentate 
gyrus in the hippocampus. β8 is also expressed mildly in the cerebellum, olfactory 
bulb and the cerebral cortex (76). The main cell types expressing β8 are neurons 
and astrocytes, no expression is seen in oligodendrocytes (77).  
The β8 cDNA sequence shows divergence from other β integrin subunits. 
Within the extracellular domain of β8, there is very little conservation with other β 
subunits, with only 6 of the 56 cysteine residues that are normally conserved (75). 
Also, the cytoplasmic domain, which is 65 amino acids in length, appears to be 
unique among β subunits. Conserved sequences in other integrin β subunits are 
important for mediating cytoskeletal interactions with the signals leading to cell 
adhesion, and inside out signaling (78). For example, the NPXY tetrapeptide motif, 
which recruits talin to the β cytoplasmic tails of most integrins, is absent from β8 
(79). β8 integrin does not mediate adhesion like the others do, likely due to lack of 
these conserved regions (75). Yeast two-hybrid technology was used to identify one 
specific cytoplasmic domain interaction that is unique to β8 integrin, the ability to 
bind to Band 4.1B, a member of the Band 4.1 protein family. This family of proteins 
is a member of the FERM domain family, which are recruited for many integrin 
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signaling events (52). Band 4.1B contains 3 major regions a FERM domain, 
spectrin/actin binding domain (SABD) and the C-terminal domain (CTD). The 
interaction between Band 4.1B and β8 integrin was determined to be at the CTD.  
This interaction is thought to affect either the activation status of β8 integrin or 
regulate various signaling cascades (79). Extracellular ligands for αvβ8 integrin 
include vitronectin (80), collagen IV (81), and LAP-TGFβ1 (82, 83) all of which are 
found associated with the vascular basement membrane.  
TGFβ is secreted in an inactive state, bound to the extracellular matrix in a 
large latent complex, consisting of TGFβ, the latent associated peptide (LAP) and 
the latent TGFβ binding protein. For bioactiavtion, TGFβ must be liberated from this 
complex (84). Several different activation methods exist including; proteaslytic 
cleavage by plasmin (85),  MMP2 and MMP9 (86), thrombospondin-1 interacting 
with LAP portion binding to a short peptide sequence (RFK) (87), and through 
integrin αvβ6 (88) and αvβ8 (82) binding to a short RGD peptide sequence. Munger 
and colleagues (89) recently revealed the importance of integrin-mediated activation 
of TGFβ. Using a mouse knock-in strategy the RGD peptide sequence in the LAP 
portion of TGFβ1, required for integrin binding and activation, was mutated to an 
RGE sequence (90). Upon mutation, αvβ6 and αvβ8 were unable to activate TGFβ1 
and these mice developed a phenotype including vasculogenic defects and multi-
organ nflammation, similar to the complete TGFβ1 knockout mouse model (91). 
Furthermore, when TGFβ1 RGE/RGE mice were crossed to complete TGFβ3 null 
mice, they develop intracerebral hemorrhage similar to that seen in complete αv 
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and β8 null mice (92). These data indicate that αvβ8 integrin-mediated activation of 
TGFβ is a very important activation method for TGFβ.  
 
Conditional Knockout Strategies 
Deletion of αv or β8 integrins in transgenic mice leads to perinatal lethality. 
Severe intracerebral hemorrhage and hydrocephaly in both models, along with a 
cleft palate in the αv null mice likely lead to this early death (67, 74). To study the 
role of αvβ8 integrin specifically in the adult neurovascular unit, the use of 
conditional cre-lox technology was required to prevent the neonatal lethality. Thus, 
αv was deleted in nestin positive CNS stem and progenitor cells but not in any other 
cell types or organs. All of the αv mutant mice generated developed intracerebral 
hemorrhage that was grossly noticeable at birth. A GFAP-cre transgenic model, 
deleting αv on astrocytes and neural stem and progenitor cells, revealed 
intracerebral hemorrhage in the neonatal brain as well. However, in both models, 
while present, the hemorrhage was much less severe than the hemorrhage 
observed in the complete αv null mice. Also, the palate developed normally and the 
conditional mutants survived beyond the perinatal period (93). On the contrary, 
deletion of αv integrin expression on vascular endothelial cells, using Tie2-Cre, 
showed no intracerebral hemorrhage or any other obvious neurovascular defects, 
however they did develop colitis (93). Interestingly, conditional deletion of the β8 
gene using the nestin-cre transgene showed a similar intracerebral hemorrhage, 
and mice survived beyond the perinatal period (94) (Table 1). Taken together, these 
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data reveal αvβ8 integrin expression on CNS neural cells is necessary for proper 
neurovascular unit development.  
 Microscopic analysis of brains from nestin-cre αv conditional mutant mice at 
P5, showed cerebral blood vessels separated from the neural tissue. Vessels 
appeared tortuous and disorganized, unlike the vessels in control mice, which 
appeared normal. Also, mutant brains had irregularly high levels of GFAP-positive 
astrocytes, which could represent a potential repair mechanism (93). Similarly, in 
confocal microscopy studies of nestin-cre β8 conditional mutant mice brains at P0 
astroglial processes associated with blood vessels appeared disorganized (94). 
Radial glial cells, which give rise to neurons and glial cells, and are thought to 
transform into adult NSCs (27), were also examined in the β8 conditional mutants. 
E14.5 mutant brain analysis unveiled disorganization within the ganglionic 
eminences, the origin site of the hemorrhage (94).  
 25 
 
 
Table 1: Results of Complete and Conditional Knockout Strategies for αv and 
β8 Integrin 
Conditional deletion of either αv or β8 on glia or progenitor cells is associated with 
the development of hemorrhage, while deletion of αv or β8 on endothelial cells 
show no obvious defects.  
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 Examination of the adult brain in both the αv and β8 nestin-cre conditional 
mutants six to ten weeks postnatally showed no sign of pathological hemorrhage 
(93, 94). Unexpectedly, the vascular defects observed perinatally in both models 
were repaired. Further analysis of nestin-cre αv conditional mutants showed that the 
loss of αv on neural cells results in behavioral abnormalities in the adult mouse.  
Two to three months postnatally, mutants show hind limb coordination defects, as 
well as involuntary tail wriggling and ataxia. By 6 months, mutant mice develop 
seizures and worsening hind limb paraparesis as well as urinary dysfunction (93). 
Complete β8 integrin knockout mice were backcrossed to an ICR genetic 
background. β8 null mice from this backcross do not show perinatal lethality initially 
reported for the strain. These mice survive for several months and develop a severe 
neurological phenotype similar to that seen in the nestin-cre conditional αv and β8 
mutants (89). 
 The Cre transgene does not lead to complete gene deletion. The resolution 
of hemorrhage in the adult brain of Nestin-Cre conditional mutants was originally 
thought to be a result of this. However, with recent findings demonstrating that 
complete β8 null mice show resolution of hemorrhage as well, this idea was 
negated. Current thinking is that β8 integrin, expressed on neural cells is only 
important in regions of active angiogenesis, similar to those seen during embryonic 
brain development. As stated previously, angiogenesis in the adult brain is rarely 
seen after postnatal day 30 (40). However, in the neurogenic regions of the adult 
brain, there is still ongoing angiogenesis and NSCs are closely associated with the 
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angiogenic vessels (2, 9). Therefore, it seems likely that β8 integrin in NSCs 
promotes interactions with blood vessels in the neurovascular niche. 
 The following findings show an important role for αvβ8 integrin in the adult 
neural stem cell niche: 1) αvβ8 integrin is highly expressed on NSCs but not on the 
vascular cells in the brain; 2) ablation of murine αvβ8 integrin in embryonic NSCs 
leads to neurovascular pathologies; and 3) adult mice null for αvβ8 integrin develop 
age related neurological defects and die prematurely. This dissertation will test the 
importance of αvβ8 integrin within the neurovascular niche and evaluate its 
involvement is essential for NSC growth, self-renewal, survival and migration to the 
olfactory bulb. 
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Figure 5: Working Model for β8 Integrins Involvement in the Adult NSC 
Vascular Niche. 
αvβ8 integrin is highly expressed on the surface of neural stem cells (NSC). NSCs 
are closely associated with the vasculature in the neurovascular niche. Signals 
coming from the vasculature are thought to regulate the functions of the neural stem 
cells  (i.e., self-renewal, differentiation as well as neuroblast migration) and maintain 
homeostasis. We believe that these signals are relayed through αvβ8 integrin and in 
this dissertation we test the importance of expression and function of αvβ8 on the 
NSCs.  
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Specific Aims 
Neural stem cells (NSCs) reside in fixed locations in the adult brain termed the NSC 
vascular niche. The NSC niche is comprised mainly of NSCs, blood vessels, and 
various ECM proteins. Within this niche, NSCs interact with nearby cells and ECM 
proteins, which control their self-renewal and differentiation properties, however the 
signaling mechanisms in the niche have not been well characterized. Integrins are 
cell surface receptors for ECM proteins, and are expressed on NSCs. αvβ8 integrin 
is highly expressed in NSCs, however its role in their regulation is poorly 
understood. I hypothesize that αvβ8 integrin is essential for proper 
communication between NSCs and cells of the vascular niche, and that 
disruption of normal αvβ8 integrin function leads to decreased self-renewal 
and abnormal differentiation and migration of neural progenitor cells. To test 
this hypothesis the following specific aims were developed: 
Specific Aim 1: Elucidate the involvement of αvβ8 integrin in the regulation of NSC 
self-renewal, proliferation and differentiation using whole body β8 null mice as well 
as inducible β8 knockout mouse strategies. 
Specific Aim 2: Determine αvβ8 integrin’s role in neuroblast migration using 
complete β8 knockout mice and conditional, cell specific β8 knockout strategies. 
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CHAPTER 2: 
Materials and Methods 
Experimental Mice and Breeding Strategies 
 β8+/- mice were acquired from the Mutant Mouse Regional Resource Center 
(MMRRC), and were backcrossed with CD1 mice (purchased from Jackson 
Laboratories) for 3 generations. β8+/- males and β8+/- females were crossed to 
generate β8+/+ and β8-/- progeny, used as control and mutants for all experiments.  
 β8 flox/flox mice were acquired from the Mutant Mouse Regional Resource 
Center. Rosa (R26R) and Nestin-Cre (N-Cre) mice were obtained from Jackson 
Laboratories. The tamoxifen inducible mouse strain, GLAST-CreERT2, was a kind 
gift from the Magdalena Götz Lab. Rosa mice were used to confirm Cre activity in 
both the GLAST-CreERT2 strains. Control and mutant littermates were generated 
by first crossing a GLAST-CreERT2 homozygous male with a β8+/- female. 
Progeny from this cross were all GLAST-CreERT2 positive and either wild type or 
heterozygous null for the β8 gene. Next, GLAST-CreERT2; β8+/- males were 
backcrossed with GLAST-CreERT2 homozygous female to generate offspring that 
are GLAST-CreERT2 homozygous; β8+/-. Finally, a GLAST-CreERT2; β8+/- male 
was crossed with a β8 flox/flox female. Progeny from this cross were 50% GLAST-
CreERT2; β8 flox/+ and 50% GLAST-CreERT2; β8 flox/-. These mice were used as 
controls and mutants for all experiments. Generation of Nestin-Cre; β8 flox/+ 
controls and Nestin-Cre; β8 flox/- mutants, as well as generation of GLAST-
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CreERT2; Rosa and Nestin-Cre; Rosa mice were accomplished using a similar 
mating scheme. 
 Doublecortin-GFP mice developed by GENSAT to analyze doublecortin 
expression in the brain, were acquired the MMRRC. Hemizygous DCX-GFP/+ mice 
were bred with β8+/- mice to generate offspring that were 25% DCX-GFP/+; β8+/+, 
25% DCX-GFP/+; β8+/-, 25% +/+; β8+/+, and 25% +/+; β8+/-. A male mouse that 
was DCX-GFP/+; β8+/-, was then crossed to β8+/- females to generate control 
(DCX-GFP/+; β8+/+) and mutant (DCX-GFP/+; β8+/-) mice.  
Mouse Genotyping 
Mouse genotypes were confirmed with genomic PCR. DNA was extracted 
from ear snips by digesting the tissue in STE with 100μg/ml proteinase-K (USB 
Scientific, Cleveland, OH) overnight at 55°C. Precipitation of DNA was 
accomplished by mixing the digested tissue with an equal volume of 100% Ethanol. 
DNA was extracted and dissolved in TE buffer at 37°C for 30 minutes. PCR 
conditions are described by manufacturer of TAKARA Taq polymerase. The primer 
sequences are as follows;  
β8 PCR: DW74: 5’-ATT ATC TGG TTG ATG TGT CAG C-3’, DW94: 5’-GGA GGC 
ATA CAG TCT AAA TTG T-3’, DW56: 5’-AGA GGC CAC TTG TGT AGC GCC 
AAG-3’ AND JW153: 5’-AGA GAG GAA CAA ATA TCC TTC CC-3’. The PCR 
generates a wild type band of 330bp and mutant band of 450bp (74). The PCR was 
run with the following conditions: 95°C for 5 minutes, 1 time. 95°C for 45 seconds, 
58°C for 30 seconds, 72°C for 1 minute, 30 times. 72°C for 10 minutes, 1 time. Cool 
to 4°C.  
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β8 flox PCR: Forward: 5′-GAG ATG CAA GAG TGT TTA CC-3′ and Reverse: 5′-
CAC TTT AGT ATG CTA ATG ATG G-3′. The wild type band is seen at 250bp and 
the floxed allele band is seen at 370bp (94). Thermocycling conditions: 95°C for 5 
minutes, 1 time. 95°C for 45 seconds, 64°C for 45 seconds, 72°C for 1 minute, 30 
times. 72°C for 10 minutes, 1 time. Cool to 4°C. 
GLAST-CreERT2 PCR: GLAST F8: 5′-GAG GCA CTT GGC TAG GCT CTG AGG 
A-3′, GLAST R3: 5′-GAG GAG ATC CTG ACC GAT CAG TTG G-3′, and CER1: 5′-
GGT GTA CGG TCA GTA AAT TGG ACA T-3′. PCR products for this reaction 
include a 700bp control band, present in wild type mice, and a 400bp Cre band 
present only in Cre-positive mice (28). Program conditions are: 95°C for 5 minutes, 
1 time. 95°C for 30 seconds, 56°C for 30 seconds, 72°C for 1 minute, 30 times. 
72°C for 10 minutes extension time 
Nestin-Cre PCR: Forward: 5′-ACC AGC CAG CTA TCA ACT C-3′ and 5′-TAT ACG 
CGT GCT AGC GAA GAT CTC CAT CTT CCA GCA G-3′. The amplification product  
for a Cre positive mouse is approximately 200bp. If there is no Cre transgene there 
will be no band present (95). Program conditions are: 95°C for 5 minutes, 1 time. 
95°C for 30 seconds, 56°C for 30 seconds, 72°C for 1 minute, 30 times. 72°C for 10 
minutes, 1 time. Cool to 4°C. 
DCX-GFP PCR: DCX F: 5'- TTC ACA GGC AGC AGA TTG CAG C-3' and DCX R: 
5'- TAG CGG CTG AAG CAC TGC A -3'. PCR amplification will yield a product of 
388bp. PCR conditions are: 95°C for 5 minutes, 1 time. 94°C for 1 minute, 66°C for 
1 minute, 72°C for 1 minute, 35 times. 72°C for 7 minutes, 1 time. Cool to 4°C. 
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Tamoxifen Administration 
To induce gene deletion in GLAST-CreERT2 mutant (Cre/+; β8 fl/-) and 
control (Cre/+; β8 fl/+) mice, we performed a series of intraparitoneal injections with 
Tamoxifen. Lyophilized tamoxifen (Sigma) was dissolved at 10mg/ml in 90% 
sunflower seed oil and 10% ethanol. Negative control injections consisted of only 
the sunflower seed oil/ethanol mixture. 1mg of tamoxifen was injected 
intraparitoneally twice daily for 5 consecutive days. Cohorts of at least 3 control and 
at least 3 mutants were used for all experiments. Mice were sacrificed and analyzed 
for gene deletion 30 days after the last injection.  
LacZ/X-gal Staining  
 Cre expression in tamoxifen inducible (GLAST-CreERT2) and Nestin-Cre 
mouse models was verified by mating the Cre strains with Rosa reporter mice. Mice 
were then injected with tamoxifen twice daily for 5 days. 30 days after the last 
injection, mice were cardiac perfused with 4% paraformaldehyde (PFA) in PBS and 
brains were removed and fixed for an additional hour in 4% PFA/PBS. Next, brains 
were sliced either coronally or sagitally and washed 4 times with PBS, followed by 
two washes in X-gal buffer. Brain slices were incubated overnight at 33°C in X-gal 
buffer containing 1mg/ml X-gal. The next day the samples were washed 3 times 
with PBS and post-fixed in 4% PFA/PBS for 2 hours. Brain slices were then imaged 
under a dissecting microscope followed by processing for paraffin or OCT 
embedding and sectioning.  
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 Alternatively, the LacZ/X-gal enzymatic product emits fluorescence when 
excited with a 633nm laser (using the Cy5 analysis settings) on a confocal 
microscope. This fluorescent product can be combined with other 
immunofluorescent antibody stains to determine cell specificity of Cre activity. 
Bromodeoxyuridine Incorporation Analysis 
BrdU (BD Pharmingen) was injected at 65ug/g body weight into mice once 
daily for two consecutive days. After another 24 hours, mice were cardiac perfused 
with 4% PFA/PBS, the brains were removed and post-fixed overnight. The next day 
the brains were cryopreserved with sucrose steps consisting of 10% and 20% 
sucrose in PBS at 4C, then embedded in OCT compound. The MDACC histology 
core then prepared sections. Genomic DNA was denatured with 2N HCl for 1 hour 
at 37°C then neutralized in 0.1M Sodium Borate solution for 30 minutes at room 
temperature, followed by normal immunofluorescent staining protocol with anti-BrdU 
(Accurate Biochemicals).  
For BrdU studies in NSCs, BrdU was added to the culture media at 1mM for 
1 hour. The cells are then fixed in 4% PFA for 10 min at 4C, permeabilized with 
0.5% NP40 in PBS solution for 10 min at room temperature, denatured in 2N HCl 
for 1 hour at 37C, then neutralized with 0.1M sodium borate buffer for 30 minutes 
at room temperature. This was followed by immunofluorescence with anti-BrdU. 
BrdU incorporation was analyzed by counting total cell nuclei and calculating 
percentage of total BrdU positive cells.  
Tunel Assay 
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TUNEL fluorescence was performed on PFA fixed paraffin embedded 
sections to analyze cell death, using the DeadEnd Fluorometric Tunel System 
(Promega) following manufacturers protocol. Analysis was performed by counting 
total number of TUNEL-positive cells within the subventricular zone of wild type and 
knockout mice.  
Biotin perfusions 
Post-natal day 60 (P60) control and mutant animals were sacrificed with a 
lethal injection of Avertin (250 mg/kg) and a 20 gauge needle was inserted into the 
left ventricle of the heart. Animals were first perfused with 20 ml of PBS to flush the 
circulation so that no residual cells or serum proteins were labeled with reactive 
biotin. Animals were then perfused for five minutes continuously with 1 mg/ml 
EZLink-NHS-Biotin (Pierce Chemicals, Inc.) dissolved in PBS (approximately 7.5 ml 
in total per animal). Animals were then perfused with 4% PFA-PBS fixative to 
preserve brain morphology. Brains were removed and coronally sliced into 1 mm 
segments followed by cryopreservation in 30% sucrose-PBS, embedded in OCT, 
and cut in 7 μm sections. Frozen brain sections were rehydrated in PBS and 
blocked with 10% goat serum in PBS and visualized using streptavidin conjugated 
to Alexa Fluor 488 fluorophore (Molecular Probes). 
Whole Mount Staining 
 Adult mice were anesthetized and brains were removed. The SVZ was 
microdissected and fixed for 1 hour in 4% PFA/PBS. Tissue was washed three 
times with PBS, followed by overnight blocking in 10% goat serum (diluted in PBS) 
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at 4°C. Samples were washed 3 times in PBS containing 1% triton-x 100 (Sigma) 
(PBS-triton) 1 hour each wash. Next, primary antibody was added and samples 
were incubated at 4°C with gentle rotation. The following antibodies were used: anti-
CD31 (BD Biosciences), anti-GFAP (Millipore), and anti-DCX (Cell Signaling). After 
3 days of incubation, samples were washed 3 times with PBS-triton for 1 hour each 
wash, followed by secondary antibody addition. Secondary antibodies used were: 
goat anti-rat Cy3, goat anti-mouse Cy5 and goat anti-rabbit Cy5. After 48 hours, 
samples were again washed 3 times in PBS-triton for 1 hour each wash followed by 
a 1 hour incubation in Sytox Green (Invitrogen). Washes were repeated 3 times and 
samples were placed in 100% glycerol overnight at 4°C. Then, samples were moved 
to 50% glycerol until the samples sunk. Samples were mounted in 50% glycerol on 
microscope slides and covered with an imaging chamber (Grace Biolabs). Imaging 
was performed using a Zeiss LSM 510 laser-scanning microscope equipped with an 
argon laser (458/477/488/514 nm, 30 mW), HeNe lasers (543 nm, 1mW and 633 
nm, 5 mW).  
 
Immunohistochemistry 
Adult mice were anesthetized and fixed with cardiac perfusion of 4% 
paraformaldehyde (PFA). Brains were removed and post fixed overnight in 4% PFA 
and processed for standard paraffin embedding. Sections were deparaffinized using 
sequential xylene and alcohol steps, followed by rehydration in PBS. Antigen 
retrieval was performed using 1x Target Retrieval Solution pH9 according to 
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manufacturer’s recommendation (DAKO). Sections were blocked in 10% serum of 
the species the secondary antibody was produced in for 30 minutes. Next, primary 
antibodies, diluted in 10% serum, were added to the sections and incubated 
overnight at 4°C. Sections were washed twice with PBS containing 0.1% Tween-20 
followed by one wash with PBS, five minutes for each wash. Endogenous 
peroxidases were then blocked using 0.3% hydrogen peroxide in PBS for 10 
minutes, followed by three PBS washing steps. Next, biotin-conjugated secondary 
antibody was added to the sections and incubated for one hour at room 
temperature, followed by two washes in PBS+0.1% Tween-20 and one wash in 
PBS. Vectastain ABC kit (Vector Labs) was then added to the sections for 30 
minutes at room temperature. Washing steps were repeated, followed by incubation 
for 5-10 minutes in DAB chromagen (Vector Labs). Finally counterstaining was 
done using Hematoxylin according to the manufacturers protocol (Vector Labs), 
followed by dehydration, mounting and coverslipping. For immunofluorescent 
staining, fluorescent-conjugated secondary antibody was added after the primary 
antibody washing steps, and incubated for one hour at room temperature. The 
washing steps were repeated and the sections were mounted with Vectashield 
(Vector Labs) and coverslipped. Alternatively, brains were removed from adult mice, 
after asphyxiation with carbon dioxide, with no fixation and embedded in OCT 
(Sakura) and frozen on dry ice. Fresh frozen sections were then cut from these 
OCT blocks and immunostained using the same procedure as paraffin embedded 
sections.  
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Immunocytochemistry was performed on cells adherent to substrate-coated 
glass coverslips. Cells were fixed in 4% PFA/PBS for 10 minutes, then 
permeabilized in PBS containing 0.5% TritonX-100 for 10 minutes. Next, coverslips 
were removed and blocked with 10% goat serum for 30 minutes, followed by 
primary antibody incubation overnight. Coverslips were washed 3 times and 
incubated with fluorescent-conjugated secondary antibody for 1 hour and 3 more 
washes were performed. Finally, coverslips were inverted and placed onto a slide 
with Vectashield mounting medium.  
Brightfield and fluorescent analysis of samples was performed using a Zeiss 
Axio Imager Z1 Microscope. Confocal fluorescence images were collected using a 
Zeiss LSM 510 laser-scanning microscope equipped with an argon laser 
(458/477/488/514 nm, 30 mW), HeNe lasers (543 nm, 1mW and 633 nm, 5 mW).  
 
 
Brain and NSC Lysates and Immunoblotting 
Lysates were prepared in RIPA Buffer (10mM Tris, pH7.4, 1%NP40, 0.5% 
Deoxycholate, 0.1% SDS, 150mM NaCl and 1mM EDTA) and protein concentration 
was determined using BCA assay (Thermo Scientific). 20μg of Protein was mixed 
with 2x sample buffer and heated then resolved on 7.5% or 10% SDS-PAGE and 
then immunoblotted.  
Biotinylation and Immunoprecipitation 
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NSCs in suspension were centrifuged and rinsed once with PBS. Next, cells 
were resuspended in PBS containing 0.1mg/ml EZlink-NHS Biotin (Pierce 
Chemicals, Inc.) and incubated for 30 minutes at 37°C. Cells were then spun down 
and rinsed 2x with TBS. Cells were resuspended in RIPA lysis buffer and lysates 
were placed on a tumbler for 15 minutes followed by a 15 minute centrifugation to 
pellet the insoluble fraction. Next, lysate concentration was determined using BCA 
assay. Equal concentrations of all lysates were diluted to 1ml total volume in RIPA 
buffer and pre-cleared by adding 50μl of secondary antibody-conjugated to agarose 
beads and tumbling for 30 minutes at 4°C. Lysates were spun down at 1000rpm for 
1 minute to pellet the secondary antibody, soluble portion was removed and 
transferred to a new tube primary antibody was added. Antibodies used were: anti-
αv (2μl, generated using a synthetic peptide 
(CKRVRPPQEEQEREQLQPHENGEGTSEA) corresponding to a region of the 
chicken αv cytoplasmic tail), anti-α5 (2μl, Emfret Analytics), anti-α6 (2μl, Millipore) 
and anti-β8 (2μl, previously described (79)). Lysates were tumbled overnight at 4°C 
in primary antibody. 50μl secondary antibody was added and samples were 
tumbled for 1 hour. Then, lysates were centrifuged and the soluble portion was 
removed and the pellets were washed with RIPA buffer 3 times. Pellets were 
resuspended in 20μl of 2x Sample Buffer (BioRad) and heated for 5 minutes at 
100°C. Samples were loaded in 7.5% SDS-PAGE followed by transfer to PVDF 
membrane (Immobilon). Membranes were blocked in 3% BSA for 30 minutes 
followed by 3 washes with TBS-T and then incubated in Vectastain ABC kit diluted 
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in 3% BSA for 30 minutes followed by three more washes with TBS-T. Membranes 
were then incubated with standard ECL reagents (Amersham) and imaged.  
Antibodies 
The following antibodies were used for immunohistochemistry: anti-GFAP, 
anti-PSANCAM, anti-α6, anti-β1 and anti-Doublecortin (Millipore); anti-Nestin 
(Neuromics); anti-Ki67 (Abcam); anti-CD34 (Genetex); anti-CD31 (BD Biosciences); 
anti-Laminin and anti-MAP2 (Sigma Aldrich); and BrdU (Accurate Biochemicals); 
anti-Tuj1 (Covance). Secondary antibodies used for fluorescence were Alexa-
conjugated goat anti-rabbit, goat anti-mouse, and goat anti-chicken from molecular 
probes. For chromogen analysis secondary antibodies used were swine anti-rabbit-
HRP and horse anti-mouse-HRP purchased from DAKO.  
Antibodies used for western blot analysis include: anti-Actin and anti-MAP2 
(Sigma Aldrich); anti-3 integrin, anti-1 integrin, anti-5 integrin, anti-3 integrin, 
anti-GFAP and anti-PSANCAM (Millipore); anti-GFP (Abcam); anti-5 integrin 
(Emfret Analytics); anti-Tuj1 and anti-Nestin (Covance); anti-Occludin, anti-Claudin5 
(Zymed); anti-DCX, anti-pSMAD2, anti-pSMAD3, anti-SMAD2,3, anti-pSMAD1,5,8, 
anti-pAKT, anti-AKT, anti-pTAK1, anti-phospho-p38 and anti pERK (Cell Signaling). 
Anti-v integrin was generated using a synthetic peptide 
(CKRVRPPQEEQEREQLQPHENGEGTSEA) corresponding to a region of the 
chicken αv cytoplasmic tail. Anti-8 integrin antibody was previously described (79).   
Live Cell Sorting 
Live cell sorting was performed using a Vantage Turbo-Sort-SE cell sorter 
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(BD Biosciences). Live cell sorting was performed to isolate GFP-positive cells after 
SVZ isolation (same isolation as Neurosphere) from DCX-GFP+ mice. A GFP- 
mouse SVZ was isolated and sorted in a similar manner for a negative control. All 
flow cytometry was performed in the Flow Cytometry and Cellular Imaging Core 
Facility.  
Neural Stem Cell Cultures 
Neural stem cells were isolated from adult SVZ as described previously (96). 
Briefly, mice were asphyxiated and brains were isolated. Olfactory bulbs were 
removed, followed by coronal slicing of the brain at the optic chiasm, the caudal 
portion of the brain was discarded. The medial aspect of the ventricle was removed 
and the lateral portion was carefully microdissected and moved to a new petri dish 
with PBS. Tissue was then minced with a sterile razor blade, followed by digestion 
in tissue dissociation media (TDM). (The recipe for TDM is as follows: add 476 mg 
of HEPES, 40 mg of EDTA, 50 mg of trypsin, and 1 ml of 0.1% DNase I to 200 ml of 
Ca2+/Mg2+ Hanks’ balanced salt solution (HBSS). Mix well, filter sterilize, and then 
aliquot (3 ml/aliquot) and store at −20°.) Tissue was incubated for 10 minutes in 
TDM followed by dissociation with a sterile glass polished pipet. Finally, cells were 
plated at a density of 3500 cells/cm2. Cells were cultured in a specified media made 
of DMEM/F12 (Mediatech Inc, Manassas, VA), 20ng/ml EGF and 20ng/ml FGF 
(Biosource, Camarillo, CA), 1x B27 supplement (Gibco, Grand Island, NY) and 
1unit/ml Penn/Strep (Sigma Aldrich). After 7-10 days, neurospheres were passaged 
by passing through a 23-gauge needle into a single cell suspension and then 
replated in fresh media.  
 42 
NSC Proliferation Assay 
Neurospheres were dissociated using 23g needle and then counted using a 
hemocytometer. 5x105 cells were plated in a T-25 flask containing 6 ml of NSC 
Media. After 7 days the spheres were dissociated again and total cell numbers were 
counted. Again, 5x105 cells were replated. This method was repeated serially for 10 
passages. For analyses, the starting cell numbers (5x105 cells) were subtracted 
from the total cell numbers for each passage.   
NSC Secondary Sphere Formation Assay 
Single spheres of similar sizes were mechanically dissociated and plated in 
one well of a 24 well plate. After 7 days the number of newly formed secondary 
spheres were counted and then single spheres were taken and dissociated and 
plated again. This method was carried out every 7 days until no secondary spheres 
formed. Alternatively, this assay was carried out in the presence or absence of 
recombinant TGFβ (10ng/ml) or anti-TGFβ (5μg/ml) (both from R&D Systems).   
 
NSC Differentiation Assay 
Wild type and β8-/- neurospheres were plated on laminin-coated coverslips 
and allowed to adhere. 10% fetal bovine serum (FBS, Hyclone) was added to 
complete NSC growth media and cells were incubated for 5 days to allow for 
differentiation. Next, neurospheres were fixed on coverslips in 4% PFA and stained 
with anti-Tuj1 and anti-GFAP antibodies, to show differentiation into neurons or 
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astrocytes, respectively. The percentage of cells differentiating into each lineage 
was then quantified by counting total nuclei and number of cells stained with each 
marker.  
Luciferase Reporter Assay 
For initial analysis of αvβ8 TGFβ activation, HEK293T cells were plated into 
poly-lysine-coated six-well plates at 4×105 cells per well and allowed to attach 
overnight. Cells were then transfected with a β8V5 plasmid and PAI1-luciferase 
plasmid (97) using Effectene reagents (Qiagen). After 24 hours, transfection media 
was removed and media with or without 10ng/ml LAP-TGFβ1 was added. HEK293T 
cells transfected with only PAI1-luciferase were used as a negative control. After 24 
hours, cell lysates were made and luciferase substrates were added according to 
Enhanced Luciferase Assay kit instructions (BD Biosciences). Lysates were plated 
in duplicate wells in a 96-well plate and luciferase activities were determined using a 
Lumistar Galaxy Luminometer (BMG Lab Technologies). 
For neurosphere TGFβ activation assay, HEK293T cells were plated into 
poly-lysine-coated six-well plates at 4×105 cells per well and allowed to attach 
overnight. Cells were then transfected with a PAI1-luciferase plasmid (97) using 
Effectene reagents (Qiagen). After 24 hours the transfection medium was removed 
and serum free medium was added for an additional 24 hours. Meanwhile, 100 wild 
type or β8–/– adult neurospheres of similar diameters (~75 μm) were added to six-
well dishes containing 2 ml of neurosphere growth medium. LAP-TGFβ1 (SLC, R&D 
Systems) at 10 ng/ml (or PBS as a negative control) was added to the 
neurospheres. After 16 hours conditioned medium was collected, passed through a 
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sterile 0.2μm filter, and added to transfected HEK293T cells (see above) for 16 
hours. As a control to confirm PAI1-luciferase plasmid transfection, bioactive TGFβ1 
(R&D Systems) was added at 5 ng/ml to transfected HEK293T cells and incubated 
for 4 hours. Cell lysates were prepared and luciferase activity was analyzed as 
detailed above.  
Neurosphere Migration Assay 
Single neurospheres were allowed to adhere to laminin coated coverslips, 
one per coverslip and incubated at 37°C. Images were taken every 4 hours for 48 
hours on Olympus IX-81 microscope. Analysis of cell migration was performed 
using Image J software (NIH). Total sphere area at set timepoints was calculated 
and normalized to the original sphere size. Alternatively, migration assays were 
performed using the following antibodies; anti-αv integrin (5μg/ml), anti-β1 integrin 
(5μg/ml, R&D Systems), anti-TGFβ1,2,3 (5μg/ml, R&D Systems). Additionally, 
human recombinant active TGFβ (R&D Systems) was added at 10ng/ml. 
Neurospheres were pre-incubated with the antibody or cytokine for 30 minutes prior 
to adhesion to laminin-coated coverslips. Antibody or cytokine was also added to 
the media during the assay at the concentrations indicated above.  
Timelapse Microscopy 
Timelapse microscopy studies were done using an Olympus IX-81 inverted 
light microscope equipped with a temperature and CO2 regulated chamber and 
Slidebook software. Images were captured every 4 hours for a total of 48 hours.  
Transmission Electron Microscopy 
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Adult mice were anesthetized then cardiac perfused with PBS followed by 
perfusion with Karnovsky’s Fixative (Polysciences Inc.). Brains were then removed 
and postfixed overnight. Samples were then dissected from the SVZ and Cortex. 
Samples were fixed with a solution containing 3%glutaraldehyde plus 2% 
paraformaldehyde in 0.1M-cacodylate buffer, pH 7.3, for 1 hour. After fixation, the 
samples were washed and treated with 0.1% Millipore-filtered cacodylate buffered 
tannic acid, postfixed with 1% buffered osmium tetroxide for 30 min, and stained en 
bloc with 1% Millipore-filtered uranyl acetate. The samples were dehydrated in 
increasing concentrations of ethanol, infiltrated, and embedded in Poly-bed 812 
medium. The samples were polymerized in a 60C oven for 2 days. Ultrathin 
sections were cut in a Leica Ultracut microtome (Leica), stained with uranyl acetate 
and lead citrate in a Leica EM Stainer, and examined in a JEM 1010 transmission 
electron microscope (JEOL, USA, Inc.) at an accelerating voltage of 80kV. Digital 
images were obtained using AMT Imaging System (Advanced Microscopy 
Techniques Corp). 
RNA and cDNA Synthesis 
RNA was isolated from neurospheres using TRIZOL reagent (Invitrogen). 
cDNA was then made from 5ug RNA using Superscript III reverse transcriptase 
(Invitrogen) following manufacturers protocol.   
rtPCR 
rtPCR was performed on synthesized cDNA using Hotstar Taq protocol 
(Qiagen, Valencia, CA). Primers used include: p53 forward 5’-GAT GAC TGC CAT 
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GGA GGA GT-3’ and reverse 5’-CTC GGG TGG CTC ATA AGG TA-3’; BMI-1 
forward 5’-CAG CAA TGA CTG TGA TGC-3’ and reverse 5’-CTC CAG CAT TCG 
TCA GTC-3’; BLBP forward 5’-GAT GAG TAC ATG AAA CTC TGG-3’ and reverse 
5’-ACA GCG AAC AGC AAC GAT ATC C-3’; Musashi-1 forward 5’-TGC AAG ATG 
TTC ATC GGA GG-3’ and reverse 5’-GTC GAA CAT CAG CAT GGC ATC ATC C-
3’; Podoplanin forward 5’-TGA TAT TGT GAC CCC AGG-3’ and reverse 5’-TTG 
TCT GCG TTT CAT CC-3’; and Sox2 forward 5’-GGA GAA CCC CAA GAT GC-3’ 
and reverse 5’-CTC GTA GCT GTC CAT GCG-3’.  
Statistical Analysis  
 Student’s t-test was used to determine statistically significant differences. 
Analysis of variance (ANOVA) was used to determine differences in self-renewal 
between wild type and mutant NSCs. WIlcoxan rank sum test was used to analyze 
Kaplan-Meier survival results.  
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CHAPTER 3:  
Specific Aim 1 
Introduction 
 NSCs reside in at least two specific regions in the adult mouse brain: the 
subgranular zone (SGZ) of the dentate gyrus and the subventricular zone (SVZ) of 
the lateral ventricle (98, 99). NSC behaviors in the SVZ are regulated by 
intracellular gene regulatory pathways (100) as well as many extracellular cues from 
the local microenvironment (39, 101). NSCs have direct access to soluble growth 
factors, and extracellular matrix (ECM) cues from within the vascular basement 
membrane, owing to their close association with the cerebral vasculature in the 
neurovascular niche. Access to these cues is important for regulation of stem cell 
behaviors, including self-renewal, proliferation, survival and differentiation (102). 
Many growth factors and their receptors have been well characterized in the NSC 
niche (103-106). However, adhesion and signaling pathways used by NSCs in 
response to ECM cues remain mostly uncharacterized.  
 Integrins are cell surface receptors for ECM proteins. Many integrins are 
expressed in post-natal astrocytes and NSCs (51, 93), although the function 
integrins play in the adult neurovascular niche remains mostly unknown. Our group 
and others have shown that one integrin, αvβ8 integrin, is required for normal 
neurovascular development (74, 107). Although αvβ8 is a receptor for many ECM 
ligands (81), recent studies indicate that cerebral blood vessel development 
regulation occurs mainly through integrin-mediated activation of latent TGFβ.  TGFβ 
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is found in the vascular basement membrane bound to an inactive latent peptide 
(LAP-TGFβ), which it must be liberated from to become active (84). αvβ8 adhesion 
to LAP-TGFβ1 or LAP-TGFβ3 mediates the bioactivation of TGFβ and, upon 
activation, intracellular signaling ensues (83, 92). The importance of integrin-
mediated TGFβ activation has been shown through mutating the integrin-binding 
RGD motif to an RGE motif in TGFβ1, thereby inhibiting the ability to bind integrins.  
Mice with this mutation die prematurely and show a phenotype that is similar to the 
complete TGFβ1 knockout mice (90). Additionally, when mice harboring the TGFβ1 
RGD to RGE mutation are combined with complete TGFβ3 null mice, they develop 
a brain-specific neurovascular pathology nearly identical to the phenotype observed 
in complete αv or β8 knockout mice (92). 
 These gaps in knowledge of the role of αvβ8 integrin in the adult brain, and 
more specifically in the adult neurovascular niche, led me to study the role αvβ8 
plays in the adult brain. I hypothesized that αvβ8 integrin is involved in the 
regulation of adult neural stem cell self-renewal, proliferation and differentiation. I 
tested this hypothesis using whole body β8 null mice as well as tamoxifen-inducible 
β8 knockout mouse models.  
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Results: 
Post-Natal Viability of Complete β8-/- Mice Depends on Genetic Background 
 Prior reports indicate that αv and β8 null mice, originally developed on a 
CD57BL6/129S4 mixed genetic background die, either embryonically due to 
placental defects or shortly after birth due to severe intracerebral hemorrhage 
and/or cleft palate (67, 74). β8 heterozygous (β8+/-) mice on the CD57BL6/129S4 
background were backcrossed to the ICR/CD1 outbred strain for two generations. 
β8+/- progeny were then interbred to produce β8+/+, β8+/-, and β8-/- mice. 
Interestingly, nearly all of the β8-/- progeny were born in near predicted mendalian 
ratios (26 of a total of 123 mice, 21%). Mutant mice continued to display 
intracerebral hemorrhage, and were initially identified by this characteristic, while 
wild type and heterozygous mice displayed a normal phenotype at birth and no 
pathologies in adulthood.  
 Approximately 90% (23 out of 26 mice analyzed) of β8-/- mice survive 
beyond the first postnatal week (Figure 6A), but displayed an obvious phenotype 
and were readily distinguishable from control mice. Mutants were significantly 
smaller than their littermates as they reached adulthood (Figure 6B) and showed an 
abnormal posture (Figure 6D). Approximately 50% of null mice survived to about 
P21-P30, while the remaining mutant mice survived for as long as five months 
(Figure 6A). As β8-/- mice progress in age they develop more severe neurological 
phenotypes such as hind limb paresis and an abnormal gait (Figure 6E). Spatial 
analysis of β8 integrin protein expression through western blot of lysates from 
several brain regions including, the subventricular zone (SVZ), olfactory bulb (OB), 
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dentate gyrus (DG), and cerebellum (CB) reveal that β8 integrin was expressed at 
similar levels throughout all regions analyzed in wild type lysates. No expression 
was seen in β8-/- brain lysates (Figure 6F). The phenotypes seen in the adult β8-/- 
mice are similar to those observed for nestin-cre conditional αv and β8 integrin adult 
mice (93, 94). These results indicate that the neurological defects observed in the 
complete β8-/- mouse model are due to the loss of β8 integrin expression in the 
CNS and that the loss contributes to its early death.  
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Figure 6: β8 Null Mice on CD-1 Genetic Background Survive to Adulthood, But 
Die Prematurely Due to Severe Neurological Phenotype.  
(A) Kaplan-Meier survival analysis with wild type (+/+) and β8 -/- mice. 
Approximately 50% of β8 -/- mice die by P30. All of the remaining β8 -/- mice die by 
five months of age. (B) Weight analysis of one-month and two-month old wild type 
and β8 -/- mice. Mutant mice weigh significantly less than wild type mice at both 
timepoints. (C,D) Pictures of four-month old wild type (C) and β8 -/- (D) mice. β8 -/- 
mice develop severe hunched posture and hind limb paresis. (E) Footprint analysis 
of three-month old wild type (upper panel) and β8 -/- mice (lower panel). Hind paws 
were painted blue and fore paws were painted red. Note the β8 -/- mouse drags its 
limbs. (F) Western blot analysis of wild type and β8 -/- mouse regional brain lysates 
probed with anti-β8 polyclonal antibody (top panel) and actin loading control (bottom 
panel). Note that β8 integrin is expressed in all regions analyzed in wild type 
lysates, but not detected at all in β8 -/- lysates.  
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Figure 6
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Neurovascular Unit Defects in Adult β8-/- Mice 
 Analysis of brain sections from adult β8-/- mice showed no sign of the 
intracerebral hemorrhage. The resolution of hemorrhage was also seen in 
conditional αv and β8 integrin knockout mouse models (93, 94). Next, blood vessel 
density in adult wild type and mutant brains was quantified in the cortex. Brain 
sections were immunostained with an anti-laminin antibody (Figure 7A, B) to show 
the vascular basement membrane. β8 null brains showed an approximately two-fold 
increase in blood vessel number when compared to wild type mice (Figure 7C). To 
determine if the increase in vasculature was due to increased endothelial cell 
proliferation control and mutant mice were injected with BrdU, and brain sections 
were analyzed for colocalization of anti-BrdU and anti-laminin antibodies (data not 
shown).  No increase in proliferation was noted in mutant endothelial cells when 
compared to control brain sections.  
 Anti-GFAP immunostaining of wild type and β8-/- mice revealed an increase 
in GFAP positive reactive astrocytes throughout the mutant brain (Figure 7D, E). 
Quantitation of GFAP positive cells showed a nearly five-fold increase in the β8-/- 
brain (Figure 7F). BrdU analysis for proliferating cells did not show any sign of 
double positive GFAP/BrdU cells, indicating that the increase in astrocytes was not 
due to increased astrocytic proliferation (data not shown). Double 
immunofluorescent staining with anti-laminin and anti-GFAP indicated that many of 
the astrocytes made direct contact with the vasculature (Figure 7 D, E Arrows). 
Electron microscopy was used to examine the ultrastructure of cerebral blood 
vessels in wild type and mutant mice (Figure 7G, H). Increased astrocytic endfoot 
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coverage was evident in the β8-/- mice (arrows in Figure 7H). Astrocytic endfoot 
coverage was quantified by counting the percentage of vessels with more than one 
GFAP-positive astrocyte contacting them. This analysis revealed that in mutant 
mice almost 90% of vessels have multiple astrocytic contacts, whereas in wild type 
mice only about 30% have multiple astrocytic contacts (Figure 7I).  
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Figure 7: β8 -/- Mice Show Neurovascular Pathologies. 
(A,B) Wild type (A) and β8 -/- (B) P60 mouse cortical sections were 
immunostained with anti-laminin to show cerebral blood vessels. (C) Quantification 
of cerebral blood vessels from anti-laminin immunostain. β8-/- mice show 
significantly more laminin positive vessels compared to wild type mice (p-value < 
0.005). (D,E) Double immunofluorescence analysis for anti-laminin (green) and anti-
GFAP (red) shows an increase in total number of astrocytes in mutant mice. (F) 
Quantification of GFAP-positive astrocytes in wild type and β8-/- mice. p-value less 
than 0.001. (G,H) Electron microscopy reveals neurovascular unit pathologies in 
mutant (H) mice including increased coverage by astrocyte endfeet when compared 
to wild type (G). (I) Quantification of cerebral blood vessel coverage by astrocytes in 
the cortex of wild type and β8-/- mice. Percentage of laminin expressing blood 
vessels contacting more than one GFAP positive astrocytes was quantitated. P-
value less than 0.002 when compared to the wild type group.  
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Figure 7 
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Increased reactive astrocyte coverage was possibly due to a compromised blood 
brain barrier (BBB) in an attempt to correct the defect. Closer examination of the 
vasculature was necessary to determine if the blood brain barrier was properly 
regulated in the adult β8-/- brain. Wild type and β8-/- mice were perfused with 
amine-reactive biotin and brain sections were immunostained with fluorescently 
labeled streptavidin (Figure 8 A-D). The amine-reactive biotin is a small molecule 
that binds to free amine groups, and is incapable of crossing the blood brain barrier 
under normal conditions. However, under pathological conditions in which the BBB 
is disrupted biotin is seen within the brain parenchyma (108). In both wild type 
(Figure 8A) and mutant (Figure 8C) cortical brain sections biotin remained in the 
vessels and showed no signs of leaking out. In contrast, periventricular regions of 
both wild type and β8-/- mice showed passage of biotin into the brain parenchyma. 
This finding is consistent with a recent report indicating that vasculature within the 
periventricular region has increased BBB permeability (42). Further BBB analysis 
was done with immunostaining for the tight junction protein zona occludin-1 (ZO-1). 
Similar staining patterns were observed for both wild type (Figure 8E) and β8-/- 
(Figure 8F) mice. Other tight junction proteins, occludin and claudin-5 were 
immunoblotted, using wild type and mutant cortical brain lysates (Figure 8G), 
however, no differences were detected. These results indicate that while there is a 
vascular defect in the adult β8-/- brain, the BBB is intact. 
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Figure 8: Blood Brain Barrier Intact in Adult β8 -/- Mice 
(A-D) Wild type and β8 -/- at P60 were perfused with amine-reactive biotin and 
brain sections were labeled with fluorescently labeled streptavidin. In both wild type 
(A) and mutant (C) cortical regions biotin labels endothelial cells (arrows) and did 
not diffuse out of the blood vessels. However, in the periventricular (PV) region both 
wild type (B) and mutant (D) mice show equal permeability to the biotin. (E,F) 
Cortical sections of wild type (E) and β8 -/- (F) brains immunostained with anti-zona 
occluding 1 (ZO1), a tight junction marker. No obvious defects in tight junctions 
were noticed in the mutant mice. (G) Western blotting was performed on cortical 
lysates from wild type and β8 -/- brains probing with anti-occludin, anti-claudin and 
anti-actin. 
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Olfactory Bulbs are Size Reduced in Adult β8-/- Mice 
 Gross analysis of wild type and β8-/- brains revealed the mutant brain weight 
was about 15% less than that of the wild type brain. Additional analysis of olfactory 
bulbs (OB) in wild type (Figure 9A) and mutant (Figure 9B) mice (n=3 for both) 
revealed approximately 50% smaller OBs in the β8-/- brain. Microscopic analysis of 
the OB revealed a normal cytoarchitecture in mutants similar to that seen in wild 
type mice (Figure 9C). However, β8-/- mouse OBs had fewer neuroblasts entering 
via the RMS (Figure 9E, arrowheads), as detected with anti-DCX immunostaining.  
Neuroblasts enter the OB after tangential migration along the RMS and then 
migrate radially to the granule cell layer upon differentiation into interneurons (109). 
Analysis of granule cell layers did not show any differences between wild type and 
mutant (Figure 9D, E, arrows).  
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Figure 9: Olfactory Bulbs in Adult β8 -/- Mice Show Reduced Size. 
(A,B) Gross images of wild type (A) and β8 -/- (B) mouse brain at P90 reveals 
smaller olfactory bulbs in the β8 -/- mice. (C) Images of H&E stained sagittal 
sections of P90 wild type and β8 -/- olfactory bulbs. β8 -/- olfactory bulbs, even 
though smaller, show normal cytoarchitecture. Abbreviations: GLO, glomerular 
layer; EPL, external plexiform layer; MCL, mitral cell layer; IPL, internal plexiform 
layer; GCL, granule cell layer; RMS, rostral migratory stream. (D,E) Immunostaining 
of sagittal sections through wild type and β8 -/- olfactory bulbs (OB) with anti-
doublecortin (DCX)(green) to label neuroblasts and neurons, and anti-GFAP (red) to 
label astrocytes. Arrowheads show decreased DCX-positive cells coming into the 
OB along the rostral migratory stream (RMS) in β8 -/- mice.  
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β8-/- Mice Have Defects in the SVZ and RMS. 
 Small olfactory bulbs have been noted in several mutant mouse models with 
abnormal SVZ neurogenesis including β1 integrin and neural cell adhesion 
molecule mutant mouse models (110, 111). Therefore, H&E stained, and DCX and 
GFAP immunostained sagittal sections from wild type and β8-/- mice were analyzed 
for SVZ and RMS defects. Analysis of SVZ regions revealed abnormal 
cytoarchitecture (Figure 10B). Quantitation of DCX positive cells within the SVZ 
showed a three-fold increase in neuroblasts in the mutant when compared to the 
wild type SVZ (Figure 10C). DCX positive cells in the SVZ were found mostly in 
clusters, supporting the integrin dependence of cells in the SVZ. Furthermore, 
analysis of the RMS in wild type (Figure 10D) and mutant (Figure 10E) mice with 
H&E staining revealed abnormalities in cells leaving the SVZ in β8 null mice. Width 
of the RMS was analyzed using immunostaining for neuroblasts and astrocytes 
(DCX and GFAP, respectively). Mutant mice showed a threefold wider RMS when 
compared to wild type.  
 To further analyze the role of αvβ8 integrin in the SVZ, P60 mice were 
injected with BrdU once per day for two consecutive days. Mice were then perfused 
and brains were sagittally sectioned and immunostained with anti-BrdU antibody to 
show proliferating cells within the SVZ. BrdU positive cells in wild type (Figure 11A) 
and β8-/- (Figure 11B) mice SVZs were quantified revealing a greater than two-fold 
reduction in proliferating cells within the SVZ in mutant brains (Figure 11C). 
Interestingly, some BrdU positive cells were noted in the RMS of mutant mice, 
suggesting that neuroblast migration is not totally defective in β8-/- mice.  
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 Electron microscopy was used to analyze cytoarchitecture of cells within the 
SVZ. Wild type SVZ showed a normal neurovascular niche made up of clusters of A 
cells (neuroblasts), with B cells (SVZ astrocytes) and C cells (transit amplifying 
cells), making up distinct units (Figure 11D). In contrast, these cellular units were 
rarely seen in the β8-/- SVZ (Figure 11E). Many apoptotic cells were also seen 
within the mutant SVZ as indicated by the arrows in figure 11E. In order to 
quantitate apoptotic cells, a TUNEL assay was performed on wild type and β8-/- 
sagittal sections and TUNEL positive cells were counted. β8-/- brains showed a 
marked increase in apoptotic cells (Figure 11F).  
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Figure 10: Subventricular Zone and Rostral Migratory Stream Defects in Adult 
β8 -/- Mice. 
(A,B) Sagittal sections of P90 wild type (A) and β8 -/- (B) brains were H&E stained 
or immunostained with anti-DCX (green) and anti-GFAP (red) to show SVZ 
cytoarchitecture and identify neuroblasts and SVZ astrocytes. β8 -/- mice show 
abnormal SVZ cytoarchitecture (arrow) as well as a increased numbers of DCX 
positive cells in the SVZ. (C) Quantitation of DCX positive cells in the SVZ of wild 
type and mutant mice. p-value is less than 0.001. (D,E) Sagittal sections of P90 wild 
type (D) and β8 -/- (E) mouse brains were H&E stained to show cytoarchitecture of 
RMS, or immunostained with anti-DCX (green), to reveal migrating neuroblasts, and 
anti-GFAP (red) to reveal astrocytes making up the glial sheath. Notice the apparent 
disorganization of the neuroblasts and glial sheath in the mutant mouse compared 
to the wild type. (F) RMS widths were measured in control and mutant mice sagittal 
brain sections. P-value less than 0.005. Abbreviations: v, ventricle; SCJ, 
striatocortical junction; DCX, doublecortin; GFAP, glial fibrillary acidic protein. 
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Figure 11: Proliferation and Survival Defects in Cells of the SVZ. 
(A,B) Sagittal sections of P90 brains from wild type (A) and β8 -/- (B) mice that were 
injected with BrdU before perfusion. Sections were stained with an anti-BrdU 
antibody to reveal proliferating cells. Dashed lines show the boundary of the 
ventricle. (C) Quantitation of number of proliferating cells in the SVZ. Note that β8 -
/- mice show significant decrease in proliferation of cells within the SVZ. *p < 0.001 
compared to wild type. (D,E) Electron microscopy was used to show 
cytoarchitecture of P90 wild type (D) and β8 -/- (E) mouse SVZ. Wild type SVZ 
shows clusters of type a, b and c cells, while the mutant mice show abnormal 
cytoarchitecture and increased numbers of apoptotic cells. (F) Coronal sections of 
wild type and β8 -/- mouse brains were labeled with TUNEL kit to show apoptotic 
cells in the SVZ. Increased apoptosis was seen in the mutant mouse SVZ. *p < 
0.001. Abbreviations: V, ventricle; BrdU, bromodeoxyuridine; a, SVZ type a 
neuroblast; b; SVZ neural stem cell; c, SVZ transit amplifying cell. 
 67 
 
Figure 11 
 68 
Inducible Deletion of β8 Integrin in NSCs in the Adult Mouse Shows Similar 
SVZ Defects to Complete Knockouts  
 Recently developed transgenic mouse strains, including GLAST-CreERT2 
(28) and GFAP-CreERT2 (112), allow for temporal and spatial control of gene 
deletion through expression of Cre-recombinase coupled to the ligand binding 
domain of the human estrogen receptor (113). In the absence of tamoxifen, an 
estrogen derivative, CreERT2 forms a complex with heat shock proteins in the 
cytosol and recombination cannot occur. When tamoxifen is administered CreERT2 
undergoes a conformational change allowing translocation to the nucleus and Cre-
recombinase activation followed by gene recombination.  
 Targeted gene deletion of GLAST-CreERT2 mice was assessed through the 
use of the reporter Rosa26 mouse strain. This strain expresses β-galactosidase 
(encoded by bacterial lacZ gene) under control of the Rosa26 promoter. In the 
absence of Cre expression, lacZ transcription is blocked by an upstream 
transcription termination codon flanked by a lox-P site (lox-STOP-lox). Cre-
mediated excision of the stop codon allows for lacZ expression, which can be 
analyzed by an enzymatic X-gal assay (114). Alternatively, confocal microscopy can 
be used to identify the fluorescent product generated from the lacZ/X-gal enzymatic 
reaction, which fluoresces using the Cy5 channel (633nm).  
 After X-gal enzyme staining, Cre-positive cells appear blue upon gross 
examination. Analysis of GLAST-CreERT2+; Rosa+ brains 30 days after tamoxifen 
injections, revealed Cre-positive cells in both neurogenic regions of the adult brain, 
the SVZ (Figure 12C) and the DG (Figure 12D). Further analysis of cell specificity 
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within the SVZ was performed through triple immunostaining. Anti-GFAP and anti-
DCX antibodies were used to show expression of type B and type A cells within the 
SVZ, in brain sections from X-gal stained mice. Colocalization was seen of the LacZ 
product with GFAP and DCX positive cells indicating the NSC population was 
properly targeted within the SVZ (Figure 12E). 
 β8 flox/flox mice, harboring two loxP sites flanking exon four, were crossed to 
GLAST-CreERT2 mice to generate control (Cre+, β8fl/+) and mutant (Cre+, β8fl/-) 
mice. IP injections of tamoxifen were administered to P28 mice, twice daily for five 
consecutive days to allow Cre expression and recombination (Figure 12A, B). 
Control and mutant mice were sacrificed 30 days after the last injection and brains 
were analyzed for proliferation, apoptosis and cell markers. Quantitation of Ki67 
immunofluorescence revealed a significant decrease in proliferation in mutant mice 
as compared to controls (Figure 13A). Similarly, TUNEL staining, a method to 
analyze apoptotic cells, showed an increase in apoptotic cells in the SVZ of mutant 
mice (Figure 13B). Furthermore, immunofluorescence for markers of the SVZ type 
A and type B cells showed significantly more DCX-expressing, type A cells within 
the SVZ of mutant mice (Figure 13C). Similar levels of GFAP-expressing, type B 
cells were observed in both control and mutant mice (data not shown).  These data 
are consistent with the results seen in the adult complete knockout SVZ indicating 
that these defects are not secondary to the developmental vascular defects.  
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Figure 12: Strategy to Delete β8 Integrin Gene Acutely in NSCs and Astroglia. 
(A) Transgenic mice expressing the CreERT2 fusion protein under control of the 
GLAST promoter were bred with mice harboring a conditional (floxed) β8 integrin 
gene. Under normal conditions Cre-recombinase is inactive but upon IP injection of 
tamoxifen, Cre-recombinase is activated and subsequently the β8 gene is deleted. 
(B) P29 control and mutant mice are injected twice daily for five consecutive days 
with tamoxifen. Thirty days after the last tamoxifen injection, mice were sacrificed 
and brains were analyzed. (C, D, E) GLAST-CreERT2; ROSA26 mice were injected 
with tamoxifen and perfused 30 days after the last injection. (C, D) brains were 
sections coronally and stained using the X-gal procedure. Sections from the SVZ 
(C) and Dentate Gyrus (DG) (D) show blue cells indicating Cre expression in the 
neurogenic regions of the adult brain. (E) Confocal microscopy analysis of the LacZ 
signal shows cell type specific Cre expression. Sections were stained with GFAP 
(red) and DCX (blue) with LacZ expression (green). LacZ expression was seen in 
both GFAP positive and DCX positive cells indicating the NSCs are being targeted.  
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Figure 13: Analysis of SVZ Cells in GLAST-CreERT2 Mice Reveal Similar 
Defects as Those Seen in Complete β8 -/- Mice.  
GLAST-CreERT2 control (β8 fl/+; n=4) and mutant (β8 fl/-; n=4) mice were injected 
with tamoxifen and perfused 30 days after the last injection. (A) Coronal sections 
were immunostained with anti-Ki67 and Ki67 positive cells within the SVZ were 
quantified. *p < 0.01. (B) Tunel assay was performed on coronal sections from 
control and mutant mice to analyze apoptotic cells. Tunel positive cells from the 
SVZ were quantified. *p < 0.05. (C) Coronal sections from control and mutant mice 
were immunostained with anti-DCX to look at neuroblasts within the SVZ. 
Doublecortin positive neuroblasts were quantified. *p < 0.001.  
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Figure 13  
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In Vitro Neurosphere Analysis Reveals Role for αvβ8 Integrin in Proliferation 
and Differentiation. 
 Neurospheres were cultured from P60 wild type and β8-/- mouse SVZ using 
methods previously described (96). After culturing neurospheres it was necessary to 
confirm expression of NSC markers to be certain that the proper cell population was 
isolated. Many markers have been established in stem cell populations including: 
CD133 (115), musashi1 (116), sox2 (117) and BMI-1 (118). cDNA was isolated from 
both wild type and β8-/- neurospheres and semi-quantitative rtPCR was performed 
to look for these markers (Figure 14A). Expression of integrin αv and the β8 
subunits in neurospheres was assessed with immunostaining with anti-αv and anti-
β8 integrin antibodies. Wild type neurospheres expressed both αv and β8 integrin, 
while β8-/- neurospheres only expressed αv as expected (Figure 14B). These 
results are consistent with previous reports indicating expression of αv and β8 
mRNA in embryonic neurospheres (51). 
 NSCs were isolated from the SVZ of P60 wild type and β8-/- mice, and 
cultured as free-floating neurospheres. In comparison to wild type neurospheres 
(Figure 15A), mutant neurospheres (Figure 15B) appeared smaller and less dense. 
To confirm the difference in size, diameters of both wild type (n=100) and β8-/- 
neurospheres (n=100) were quantitated (Figure 15C). Short-term proliferation in 
neurospheres was quantified by allowing single cells from dissociated wild type and 
mutant neurospheres to adhere to laminin coated coverslips and then pulsing with 
BrdU-containing media for 1 hour. Quantitation was performed with an anti-BrdU 
antibody at 24 and 96 hours after the initial BrdU pulse. At both time points β8-/- 
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NSCs showed decreased proliferation when compared to wild type cells (Figure 
15D). 
 We further assessed proliferation and self-renewal in neurospheres. Wild 
type and β8-/- neurospheres of similar diameters were selected and dissociated and 
the ability to self renew was determined over seven passages. Secondary spheres 
formed after every passage were quantified (Figure 15E). β8 null neurospheres 
showed a defect in the ability to form secondary spheres, as compared to the wild 
type neurospheres. This defect was enhanced after several passages and by the 
seventh passage no spheres reformed in the mutant population. Additionally, 
proliferation of the NSCs cultured in vitro was examined over several passages. 
5x105 cells from dissociated wild type or β8-/- neurospheres were plated. After 7 
days the spheres were dissociated and the total number of cells was quantified and 
5x105 cells were replated. This was repeated for 10 consecutive passages. In 
comparison to wild type cells, the increase in cell number was significantly less in 
mutant cells, and the decrease became more pronounced in later passages (Figure 
15F). These results indicate β8 plays a significant role in NSC self-renewal and 
proliferation in vitro and correlates with in vivo findings. 
 Differentiation of NSCs was evaluated in wild type and mutant neurospheres. 
NSCs were plated on laminin-coated glass coverslips and differentiated through 
addition of 10% FBS to the culture media. Upon differentiation, cells were 
immunoblotted for neuronal (Tuj1) and glial (GFAP) markers (Figure 16 A,B). Total 
cells per field were counted and percentage of cells expressing each marker was 
quantified (Figure 16C). β8-/- NSCs showed more neuronal differentiation as 
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compared to wild type NSCs. This indicates that β8 integrin has a crucial role in 
NSC differentiation in vitro, similar to the increase in neuroblast differentiation in the 
SVZ of the β8-/- mouse brain. 
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Figure 14: Expression of NSC Markers and Integrin Subunits. 
(A) To analyze expression of neural stem cell markers cDNA was isolated from wild 
type and β8-/- adult neurospheres. Semi-quantitative reverse transcriptase PCR 
(rtPCR) was performed for BMI-1, musashi1, Podoplanin and SOX2. Both wild type 
and mutant neurospheres showed similar expression of all markers analyzed, 
confirming that they are stem cells. (B) Expression of αv and the β subunits binding 
with αv was analyzed. Lysates were made from wild type and β8-/- neurospheres 
and immunoblotted with; anti-αv, anti-β1, anti-β3, anti-β5, and anti-β8 antibodies. 
Anti-actin was used as a loading control. Similar expression was seen for αv and all 
of the β-subunits, with the exception of β8, which showed no expression in the 
mutant neurospheres as expected. 
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Figure 15: β8 integrin Regulates NSC Proliferation and Self-Renewal In Vitro.  
(A,B) Neural stem and progenitor cells were cultured as neurospheres from the 
SVZ of P60 wild type (A) and β8 -/- (B) mice. (C) Diameters of wild type and mutant 
neurospheres were measured and quantified. Mutant neurospheres were 
significantly smaller when compared to wild type. *p < 0.001. (D) Short term 
proliferation was analyzed with a 1 hour BrdU pulse in both wild type and β8-/- 
neurospheres, then washed out with fresh media. Spheres were fixed and stained 
at 24 or 96 hours after BrdU pulse, and immunostained with an anti-BrdU  antibody. 
β8-/- neurospheres showed a marked decrease in proliferation at both 24 and 96 
hour timepoints. *p < 0.05. (E) A self-renewal assay was performed in which 
secondary spheres forming from a single sphere were counted after seven each of 
seven sequential passages. β8 -/- neurospheres show a progressive decline in the 
ability to self-renew. *p < 0.001. (F) A Proliferation assay was performed in which 
5x105 individual NSCs were plated and total cell number minus the starting cell 
number was quantified through ten sequential passages. Mutant NSCs show a 
progressive decline in proliferation over time. *p < 0.05. 
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Figure 15  
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Figure 16: αvβ8 Integrin Regulates NSC Differentiation. 
(A,B) Neurospheres from P60 wild type (A) and β8 -/- (B) mice were plated on 
laminin coated coverslips and differentiated with addition of serum for 5 days. Cells 
were then stained to visualize astrocytes (GFAP, red) and neurons (Tuj1, green). 
(C) Quantitation of integrin-dependent neurosphere differentiation. *p < 0.05.  
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αvβ8 Integrin Mediated TGFβ Activation in Neurospheres 
 To address the mechanisms by which αvβ8 integrin regulates NSC 
proliferation and survival in the adult brain, αvβ8 integrin-dependent latent TGFβ 
activation was analyzed. αvβ8 integrin is a receptor for the latent forms of TGFβ’s 1 
and 3 and integrin adhesion leads to the activation of TGFβ’s (82, 83). To confirm 
the ability of αvβ8 integrin to activate TGFβ, 293T cells were stably transfected with 
a plasmid expressing human β8 integrin fused with a V5 tag (β8V5). Expression of 
β8 was confirmed with western blot using an anti-β8 antibody (Figure 17A). 
Exogenous expression of β8 integrin in 293T cells, which express no endogenous 
β8, made it possible to assess the role β8 plays in activation of TGFβ. A plasmid 
containing the plasminogen activator inhibitor promoter fused to firefly luciferase 
(Pai-1 Luc) (97) was transfected into 293T cells with and without β8 expression. 
Purified latent TGFβ (LAP-TGFβ) (10ng/ml) was added and luciferase activity was 
read 16 hours later. Indeed 293T cells expressing the β8V5 plasmid showed 
enhanced activation of TGFβ from its latent form when compared to normal 293T 
cells (Figure 17B).  
 While integrin-mediated activation of TGFβ has been confirmed, the 
significance of the activation has not been analyzed in the adult brain, and more 
specifically in the neurovascular niche. NSCs isolated from the SVZ of P60 wild type 
and β8-/- mice were used to study this significance. LAP-TGFβ was added to wild 
type and β8-/- neurospheres at 10ng/ml and 24 hours later conditioned media (CM) 
was transferred to PAI-1 luciferase transfected 293T cells and luciferase activity 
was analyzed. Because of the minimal of β8 expression in 293T cells (figure 17A), 
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they are an excellent cell line to directly assay TGFβ signaling. Wild type spheres 
exhibited a great induction of TGFβ signaling, as shown by the increased luciferase 
activity (Figure 18A). In contrast, CM from β8-/- neurospheres showed a very 
modest level of luciferase activity, due to the loss of αvβ8 integrin. This modest 
induction of TGFβ signaling could be due to the fact that neurospheres express 
other integrins including, αvβ1 αvβ3 and αvβ5 (119), which could be activating LAP-
TGFβ. Also of note, was the increase in luciferase activity in CM from wild type and 
mutant neurospheres that had not been treated with LAP-TGFβ, suggesting that 
there is some endogenous TGFβ produced by the cells that is being activated in an 
integrin-independent manner. TGFβ-2, which is not activated by αvβ8 integrin but is 
expressed in neurospheres (120), could also be responsible for the luciferase 
activity.  
 To examine whether integrin mediated-TGFβ signaling was acting in an 
autocrine manner in neurospheres, active TGFβ (10ng/ml) was added to +/+ 
neurospheres. Also, in an attempt to ‘rescue’ the self-renewal and proliferation 
defects, active TGFβ was added to β8-/- neurospheres. Self-renewal was then 
analyzed to reveal a remarkable inhibition in both wild type and mutant 
neurospheres (Figure 18B) with TGFβ addition. Similar results in inhibition were 
noted with doses ranging from 0.01 to 1ng/ml (data not shown). These results are 
similar to other reports indicating that TGFβ has a negative impact on NSC self-
renewal (121-123). Anti-TGFβ blocking antibody was added to wild type 
neurospheres to determine if blocking TGFβ signaling would have an effect on wild 
type NSC self-renewal. No significant effect was seen with addition of anti-TGFβ 
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when compared to untreated and IgG control (Figure 18C). These data suggest that 
autocrine TGFβ signaling is not required for NSC self-renewal and proliferation. 
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Figure 17: β8 Integrin is Involved in Activation LAP-TGFβ 
(A) 293T cells were transfected with a plasmid expressing β8 integrin with a V5 tag 
(β8V5). Negative control and β8V5 transfected cell lysates were immunoblotted with 
anti-β8 integrin to confirm expression of β8 upon transfection. (B) 293T cells stably 
transfected with β8V5 and normal 293T cells were transfected with PAI-1 luciferase 
construct. Transfected cells were incubated with or without addition of LAP-TGFβ 
and luciferase activity was measured. Notice that the addition of β8V5 causes a 
significant increase in the amount of TGFβ activity.  
 85 
 
Figure 17 
 86 
Figure 18: NSC Proliferation and Self-Renewal are Not Regulated in an 
Autocrine Fashion Through TGFβ Signaling.  
(A) Quantitation of β8 integrin mediated TGFβ activation using a PAI1-luciferase 
reporter assay. Neurosphere conditioned media from wild type and β8 -/- 
neurospheres, was transferred to PAI1-luciferase transfected 293T cells and 
luciferase activity was measured. Wild type neurospheres show a marked increase 
in activation of TGFβ. In mutant spheres there was significantly less TGFβ 
activation. *p < 0.02, **p < 0.001, ***p < 0.0001. (B) Neurosphere self-renewal and 
proliferation defects are not rescued by exogenous addition of active TGFβ. 
Secondary sphere formation from single wild type or mutant neurospheres (with and 
without TGFβ) was quantified. TGFβ addition inhibited neurosphere formation in 
both wild type and mutant populations. *p < 0.001, **p < 0.0001 when compared to 
wild type untreated neurospheres. (C) Inhibition of TGFβ using a blocking antibody 
does not inhibit NSC self-renewal or proliferation. Wild type neurospheres were 
treated with IgG control, anti-TGFβ, anti TGFβ in addition to active TGFβ, or active 
TGFβ alone, and serially passaged for three passages quantifying secondary 
sphere formation. Only the addition of active TGFβ showed a decrease in 
neurosphere secondary sphere formation. *p < 0.0001 and **p < 0.001.  
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Discussion: 
β8 Integrin Regulation of Vascular Niche in Embryonic and Adult Brain 
 Resolution of hemorrhage in the adult β8-/- brain was unexpected, but 
consistent with previous reports using conditional knockout strategies (93, 94). 
Additionally, Munger and colleagues recently reported similar resolution in adult β8-
/- mice (89). This finding suggests that αvβ8 integrin is important for neurovascular 
unit neural cells only during times of active vessel growth or remodeling, most 
notably during embryonic and neonatal development. Angiogenesis is, for the most 
part, complete in the brain by P30 (40). However, in neurovascular niches in the 
adult brain, proliferating endothelial cells were still observed through BrdU pulsing 
experiments, indicating active angiogenesis in association with neurogenesis (2, 9, 
124). This result makes it probable that β8 integrin functions in the adult 
neurovascular niche, in a similar manner as it does in embryonic angiogenesis.  
 The phenotype observed in the adult SVZ could be a result of the embryonic 
neurovascular unit defects, but could also be due to severe hydrocephaly that 
develops in the lateral ventricles of adult β8-/- mice. Indeed, neurological deficits 
and hydrocephaly have previously been reported as a result of intracerebral 
hemorrhage in the human brain (125). Additionally, studies in rats with 
experimentally induced hydrocephaly, increased reactive gliosis was noted 
throughout the brain, similar to what was observed in complete β8-/- mice (126). 
Therefore, the adult β8-/- mouse could potentially be used as a model to study 
neurodegeneration due to post-hemorrhagic hydrocephaly. However, β8 integrin 
seems to be necessary for NSC growth and survival in the adult SVZ based on the 
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following results: (i) β8 integrin is expressed in the SVZ in vivo and in cultured 
NSCs from the SVZ in vitro (Figure 6, 14); (ii) mutant neurospheres, grown in a 
defined culture media that partly mimics the in vivo microenvironment, exhibit 
similar defects in growth and survival (Figure 15); (iii) adult β8-/- mice with or 
without hydrocephaly display similar NSC defects in the SVZ as those seen in 
neurospheres; (iv) inducible deletion of β8 integrin in mice shows similar SVZ 
defects but no sign of hydrocephaly (Figure 13); and (v) abnormal development 
and/or adult neurogenesis can cause hydrocephaly as a result of cortical atrophy 
(127). 
 
αvβ8 Integrin-Mediated TGFβ Activation in the Adult SVZ Vascular Niche. 
 One major ligand for αvβ8 integrin is LAP-TGFβ1 and LAP-TGFβ3. Reduced 
activation of TGFβ by integrins causes similar pathologies that were observed in αv 
and β8 null mice (128, 129). Here, significantly less TGFβ signaling was observed 
in NSCs cultured from P60 β8-/- mice, which display growth and survival defects, 
suggesting that TGFβ is necessary for NSC regulation. However, while this 
decrease in TGFβ activation was significant, it was very modest. Also, other 
experiments using a TGFβ blocking antibody in wild type neurospheres in an 
attempt to recapitulate the defects observed in the mutant neurospheres was 
unsuccessful, and an attempt to ‘rescue’ the defects in β8-/- neurospheres by 
addition of active TGFβ also failed (Figure 18). It is possible that TGFβ may work in 
a dose-dependent style, but experiments using doses ranging from 0.01ng/ml to 
10ng/ml showed no difference in TGFβ’s effect. Additionally, loss of the TGFβ 
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receptor II on the surface of NSCs using a Nestin-Cre (unpublished data Shin, J and 
McCarty, JH) or GLAST-CreERT2 (130) transgene showed no defects in SVZ 
neurogenesis. Taken together, these data suggest that integrin-mediated activation 
of TGFβ acting in an autocrine fashion in the SVZ plays a minimal role.  Therefore, 
we propose a model showing that integrin-mediated activation of TGFβ acts in a 
paracrine manner, regulating endothelial cell functions in the neurovascular niche. 
Signaling in endothelial cells, in turn, leads to the production of cues from the 
vasculature, which regulate NSCs growth and survival (Figure 19). Similar 
mechanisms have been proposed indicating TGFβ acting in paracrine fashion for 
endothelial cell-astrocyte interactions (83, 131). Certainly, other ligands could bind 
to αvβ8 within the adult neurovascular niche that have not yet been identified. 
 
αvβ8 Integrin May Function in Other Regions of the Brain 
Here, we have analyzed in depth the role of αvβ8 integrin in the adult SVZ 
neurovascular niche. However, αvβ8 could have a similar function in the other major 
adult NSC neurogenic niche, the dentate gyrus of the hippocampus. Indeed, we 
observed abnormal development of the hippocampus and the dentate gyrus in adult 
β8-/- mice (Figure 20D) when compared to wild type (Figure 20C).  Closer 
examination of the mutant hippocampus revealed dendritic projections in the CA3 
region of the dentate gyrus (Figure 20 E, F). 
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Figure 19: Model for αvβ8 integrin Adhesion and Signaling in the 
Neurovascular Niche.  
αvβ8 expressed on the surface of NSCs interacts with several extracellular matrix 
ligands, including LAP-TGFβ, which is present in vascular basement membranes. 
αvβ8 mediated activation of LAP-TGFβ causes the canonical TGFβ signaling 
pathway to become active, leading to endothelial cell production of growth factors 
and other cues from the vasculature for survival and NSC regulation. Loss of αvβ8 
integrin, through genetic ablation causes loss of αvβ8 adhesion to TGFβ, and thus 
loss of proper signaling at the NVU and loss of NSC regulation. 
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Figure 20: β8 Integrin is Necessary for Proper Development of the Corpus 
Callosum and Hippocampal Dentate Gyrus.  
(A-F) Coronal sections through P60 wild type (A, C, E) and β8 -/- (B, D, F) mouse 
brains. β8 -/- mice show corpus callosum agenesis (arrows, B), which was not seen 
at all in control mice (arrows, A). (C,D) In addition, β8 mutant mice (D) develop an 
abnormal dentate gyrus and hippocampus, including a thickened hilus (h) and 
abnormal CA3 cell layer (CA3). (E,F) Higher magnification, silver stains, of the 
hippocampus reveals abnormal dendritic projections (arrows, F) in mutant mice (F) 
as compared to control (E).  
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  Additionally, we observed abnormal development of the corpus callosum 
(Figure 20B) in the β8-/- adult mouse. This could be an effect of abnormal migration 
of axons during development due to glial cells expressing Slit2, a known axonal 
guidance cue (132).  Slit2 knockout mice show a loss of corpus callosum migration 
across the midline (133), similar to what is seen in β8-/- mice. Also, Slit2 has 
recently been shown to function in migration of neuroblasts in the RMS from the 
SVZ (134), which our data indicates β8 integrin plays a key role in. β8 integrin is 
expressed in glial cells and could potentially have an effect on slit2 expression 
and/or function in the developing brain. 
 Oligodendroglial progenitor cells give rise to oligodendrocytes, which 
myelinate axons in many regions of the brain (135). Nestin-Cre αv mutants develop 
progressive neurodegenerative defects as a result of axonal demyelination (93). 
This pathology was not noticed in the complete β8-/- mice, suggesting that a 
different αv binding β-subunit is responsible for the demyelination. It is possible that 
β8 integrin could play many other functional roles in the adult brain, which need to 
be analyzed further. 
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Chapter 4: 
Specific Aim 2 
Introduction 
 In the adult brain, new neurons are continually produced as neuroblasts, 
which then exit the SVZ and migrate to the olfactory bulb along a pathway called the 
rostral migratory stream (RMS) (136, 137). As neuroblasts leave the SVZ and enter 
the RMS greater than 80% migrate rostrally in chains towards the olfactory bulbs 
while the other 20% migrate between chains or in a circular pattern within the SVZ 
(138). Chains of neuroblasts move along the RMS in tunnels of GFAP-positive 
astrocytes, termed the glial tube (38). In several mouse models, disruption of glial 
tube formation is accompanied with disturbed neuroblast chain migration (110, 111). 
This suggests that neuroblast migration along the RMS is dependent upon the 
interactions between neuroblasts and astrocytes in the glial tube. Integrins 
expressed on neuroblasts interact with the ECM to guide migration in the RMS 
(139). Indeed, when β1 integrin is deleted CNS neural cells of mice via Nestin-Cre, 
defects in neuroblast chain formation and glial tube architecture were observed 
(110). Additionally, in ex vivo brain slice studies, using blocking antibodies for β1 
and αv integrin, migration along the RMS was greatly reduced. Of the other 4 β-
subunits that bind to αv, only a β3-blocking antibody was available, and no inhibition 
of neuroblast migration was seen (140). However, the role of β5, β6 or β8 integrins 
has not been assessed in adult RMS migration. 
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 Unlike neuronal migration in the developing brain, which involves migration 
along scaffolds of radial glial cells, there are no radial scaffolds in the adult RMS. In 
addition to astrocytes of the glial tube, endothelial cells may play a role in 
neuroblast migration. Recently, analysis of the vasculature, in the RMS revealed 
that vessels run parallel to the RMS and neuroblasts are closely associated with the 
vasculature indicating a probable role for blood vessels in neuroblast migration (49, 
141). In the olfactory bulb, neuroblasts also associate with the vasculature, which 
guides their radial migration (142). Additionally, in stroke models, neuroblasts leave 
the SVZ and migrate to the site of infarct closely apposed to blood vessels, further 
indicating that the vasculature is necessary for proper neuroblast migration (143). In 
the previous chapter, the involvement of αvβ8 integrin in NSC vascular niche 
homeostasis was analyzed. A similar interaction between β8 integrin and the ECM 
secreted by the vasculature along the RMS may occur. 
 While the roles of some integrins have been analyzed within the RMS, the 
role of αvβ8 integrin has not. In this chapter, complete and conditional β8 knockout 
mice were used to test the hypothesis that β8 integrin is required for proper 
neuroblast migration in the RMS. In addition to these models, a mouse model 
expressing GFP under control of the DCX promoter was employed (DCX-GFP). 
This model makes it possible to purify neuroblasts using FACS sorting for GFP, as 
well as track the migration of neuroblasts in the brain. DCX-GFP mice have been 
crossed to β8+/- mice to generate wild type and β8-/- mutant mice that are DCX-
GFP+.  
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 Furthermore, in the last chapter, the importance of integrin-mediated TGFβ 
activation was analyzed in the NSC vascular niche. TGFβ plays many roles in the 
brain, including promotion of cell cycle exit in progenitor cells during development 
(144), neuronal survival (145), and induction of neuronal differentiation in the OB 
(146). TGFβs and their receptors are expressed in many regions of the CNS. 
TGFβ2 and 3 are expressed in the DG (147), and TGFβ1 is expressed both in the 
SVZ and the DG (148). TGFβ receptors’ expression on astrocytes and neurons in 
the adult brain, and radial glial cells in the developing brain indicate a potential role 
for TGFβ signaling in neuronal polarity and migration (149).TGFβ has also been 
shown to promote differentiation of immature neurons to axons (150). Recently, 
SMAD3 knockout mice were shown to have decreased NSC proliferation in the SVZ 
and defects in neuroblast migration in the RMS (151). While several functions in the 
developing and adult brain have been identified for TGFβ, including neuroblast 
migration, the role of integrin-mediated activation of the cytokine in the RMS is not 
fully understood.  
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Results: 
β8-/- Mice Show Defects in Neuoroblast Migration in the RMS 
 Initial analysis of complete β8-/- mice revealed defects in DCX+ neuroblasts 
within the SVZ and along the RMS (Figure 10). Here, sagittal sections from P60 wild 
type and β8-/- brains were immunostained with anti-DCX antibody to show RMS 
neuroblasts, and anti-GFAP to show the astrocytes of glial tube (Figure 21). 
Examination of the wild type RMS revealed tight chains of neuroblasts leaving the 
SVZ and migrating all the way to the olfactory bulbs (Figure 21A, top panel). GFAP+ 
astrocytes were detected surrounding the neuroblast chains in an organized glial 
tube (Figure 21A, bottom panel). However, analysis of the β8-/- RMS revealed 
many defects. First, we detected clusters of DCX+ cells that were not associated 
with migrating chains. Second, many of the neuroblasts within the RMS appear to 
stop abruptly prior to reaching the olfactory bulb (Figure 21B, top panel). Finally, 
GFAP+ astrocytes were found dispersed throughout the RMS and mixed amongst 
the neuroblasts, and were not organized into a defined glial tube (Figure 21B, 
bottom panel).  
 Previous reports indicate that neuroblasts may migrate using blood vessels 
as a scaffold (142). To analyze neuroblast association with blood vessels along the 
RMS, double immunostaining was performed with anti-PSA-NCAM to label 
migrating neuroblasts, and anti-laminin to label blood vessel basement membranes. 
Both wild type and β8-/- neuroblasts in the RMS were found closely associated with 
blood vessels (Figure 22 A, B). Interestingly, in mutant mice, the clusters of 
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individual cells branching off from the RMS were still associated with blood vessels 
(Figure 22 B). 
 Nestin-Cre (N-Cre) hemizygous mice were crossed with β8 flox/flox mice to 
produce mice that were N-Cre/+; β8 flox/+. These mice were further crossed with β8 
+/- mice to produce mice that were N-Cre/+; β8 flox/+ (control) and N-Cre/+; β8 
flox/- (mutant). Mutant mice were born with mild hemorrhage, at predicted 
Mendalian ratios, and survived to adulthood, similar to previous reports (94). To 
analyze the adult SVZ and RMS in mice with conditional deletion of β8 integrin, 
mice were sacrificed and cardiac perfused with paraformaldehyde and sagittal brain 
sections were prepared. Sections from control and mutant mice were 
immunostained with anti-DCX and anti-GFAP antibodies. In control animals, the 
SVZ and RMS appeared normal; neuroblasts were seen in migrating chains along 
the RMS and GFAP+ cells formed the glial tube surrounding them (Figure 23 A, A’, 
A”). In contrast, analysis of the mutant SVZ and RMS revealed increased DCX+ 
cells within the SVZ as well as abnormal neuroblast migration along the RMS. 
Several small clusters of neuroblasts were found in the RMS and GFAP+ astrocytes 
were seen dispersed throughout the neuroblasts (Figure 23 B, B’, B”). Additionally, 
an increase in GFAP+ astrocytes throughout the mutant brain was observed. The 
results seen here in the conditional β8 integrin knockout model recapitulate the 
observations made in the complete β8-/- mice.  
 100 
Figure 21: β8-/- Mice Show Abnormal Neuroblast Migration in the RMS. 
(A,B) Sagittal sections from wild type (A) and β8-/- (B) P60 brains were 
immunostained with an anti-DCX antibody alone (top panels), or in combination with 
anti-GFAP (bottom panels). (A) Normal neuroblast migration was observed in wild 
type RMS. Notice the defined migratory path of DCX+ neuroblasts and surrounding 
GFAP+ glial sheath. (B) β8-/- neuroblast migration along the RMS is very 
disorganized, with no defined glial sheath. GFAP+ astrocytes seem to be dispersed 
amongst the DCX+ neuroblasts, and several individual neuroblasts can be seen. 
Abbreviations: v, ventricle. 
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Figure 22: Migrating Neuroblasts are Closely Associated with Blood Vessels 
(A,B) P60 Wild type and β8-/- sagittal brain sections were stained with PSA-NCAM 
to show neuroblasts, and anti-laminin to highlight blood vessels. In both the wild 
type and knockout RMS, neuroblasts were observed migrating near blood vessels. 
Blood vessels appeared to be running parallel to the direction of neuroblast 
migration.  
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Figure 23: Nestin-Cre Conditional β8 Integrin Mutants Show Similar 
Neuroblast Defects in the RMS. (A,B) Sagittal brain sections from P60 Nestin-
Cre; β8 fl/+ control, A) and Nestin-Cre; β8 fl/- (mutant, B) were immunostained with 
anti-GFAP (A,B) and anti-DCX (A’,B’) antibodies. In panels A” and B’’ the merged 
images are shown. Examination of GFAP revealed an increase in GFAP+ 
astrocytes throughout the mutant brain when compared to control mice (B and A, 
respectively). DCX analysis in mutant mice shows increased individual cells within, 
and a more disorganized RMS when compared to controls (B’ and A’ respectively). 
These results are similar to observations in the complete β8-/- adult mouse brain. 
Abbreviations: v, ventricle. 
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Whole Mount Staining of the SVZ in β8-/- Mice Reveals Abnormal Architecture  
 A recent study using whole mount staining of the SVZ indicated that the 
vasculature within the SVZ has a unique cytoarchitecture (152). An elaborate 
network of vessels running parallel to the surface of the ventricle was observed 
(153). Here, the vascular plexus and the affiliated SVZ cells were analyzed. Lateral 
ventricles were dissected from P60 wild type and β8-/- mice, and the SVZ region 
was isolated. The whole mount staining procedure was performed using double 
immunofluorescence to show the neuroblasts (anti-DCX) or SVZ astrocytes (anti-
GFAP), as well as the vascular plexus (anti-CD31). The vascular plexus of the SVZ 
appeared normal in both wild type and β8-/- mice, showing parallel vessels with 
multiple branches throughout the SVZ (Figure 24A’-D’ and Figure 25A’-D’). 
 Neuroblasts within the SVZ of wild type mice were organized in chains 
similar to the organization in the RMS. Many chains were observed and neuroblasts 
appeared to be migrating in several directions (Figure 24 A, B). In contrast, analysis 
of neuroblasts in the β8-/- SVZ revealed disorganized chains of neuroblasts as well 
as several individual DCX+ cells (Figure 24 C, D). Increased total numbers of 
neuroblasts were also observed in the mutant SVZ when compared to wild type 
SVZ, consistent with traditional immunostaining analysis of DCX+ cells in the SVZ 
(Figure 10C).  
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Figure 24: Whole-Mount immunostaining with anti-DCX Reveals Abnormal 
Neuroblast Organization Within the SVZ. (A-D) The SVZ was isolated from wild 
type and β8-/- P60 mice. Immunostaining was performed with anti-DCX (A-D) and 
anti-CD31 (A’-D’) antibodies (merged images are shown in A”-D”). (A,B) Wild type 
SVZ DCX staining revealed normal chainlike organization of neuroblasts. (C,D) β8-
/- SVZ exhibits abnormal neuroblast chain  architecture, with several small clusters 
of cells and individual DCX+ cells that do not appear to be associated with 
neuroblast chains. In both wild type and mutant SVZs the neuroblasts do not appear 
to be directly associated with the vasculature (A”-D”). (Magnifications A,C = 70x and 
B,D = 200x) 
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Figure 25: Whole Mount Immunostaining with Anti-GFAP Shows Increased 
GFAP+ Blood Vessel Coverage Within the SVZ. (A-D) The SVZ was isolated 
from wild type and β8-/- P60 mice. Immunostaining was performed with anti-GFAP 
(A-D) and anti-CD31 (A’-D’) antibodies (merged images are shown in A”-D”). β8-/- 
GFAP+ astrocytes within the SVZ show increased endfoot contact with the SVZ 
vasculature (C”, D”), when compared to the wild type (A”, B”). Similar increases 
were observed in the cerebral cortex of the β8-/- mouse. (Magnifications A,C = 200x 
and B,D = 400x) 
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Figure 25 
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 In the wild type SVZ whole mount tissues stained with GFAP, many GFAP+ 
cells were observed in close proximity to blood vessels (Figure 25 B). Very few cells 
were noted that were not associated with the vasculature (Figure 25 A). However, 
examination of β8-/- SVZ revealed more total number of GFAP+ cells (Figure 25 C). 
Additionally, more GFAP+ astrocytes in contact with blood vessels, as well as 
increased number of astrocytes not affiliated with the vasculature were noticed 
(Figure 25 D). These data are consistent with increased GFAP+ astrocytes seen 
throughout the mutant brain, and increased astrocyte endfoot coverage of blood 
vessels (Figure 7 B, I).  
 
DCX-GFP Mice Allow for Isolation of Neuroblasts 
 DCX-GFP+ mice were interbred and their offspring were genotyped to 
confirm expression of the DCX-GFP transgene. A DCX-GFP+ mouse was then 
sacrificed and sagittal brain sections were paraffin embedded and immunostained 
with an anti-GFP antibody to confirm the expression of GFP in the brain (Figure 26 
A, C). Double immunostains were performed to confirm colocalization of GFP+ cells 
with anti-PSA-NCAM, another marker for neuroblasts (anti-DCX antibody was not 
used due to antibody compatibility issues). Indeed, PSA-NCAM+ cells were also 
GFP positive showing perfect colocalization (Figure 26 A”, C”).    
 A hemizygous DCX-GFP/+ male mouse was crossed with β8+/- female mice, 
to produce offspring that were DCX-GFP/+; β8+/-. These mice were then crossed 
again with β8+/- mice to produce DCX-GFP/+; β8+/+ (WT DCX-GFP+), and DCX-
GFP+/-; β8-/- (mutant DCX-GFP/+) mice. Upon achieving the proper crosses, wild 
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type and mutant mice were sacrificed and sagittal brain sections were paraffin 
embedded. Wild type and β8-/- DCX-GFP+ brain sections were stained with an anti-
GFP antibody to show the expression pattern of GFP, in combination with markers 
for neuroblasts (anti-PSA-NCAM). Colocalization was seen within the SVZ and the 
RMS in both wild type and mutant mice (Figure 26). Similar to other findings in the 
β8-/- mice, individual neuroblasts were not associated with the main chain of 
migrating neuroblasts at both the beginning (Figure 26 B) and the end of the RMS 
(Figure 26 D). However, as the neuroblasts entered the OB, the chains of cells 
appeared normal, indicating that perhaps another integrin is the main regulator of 
radial migration in the OB.  
 The SVZ from P60 WT DCX-GFP+ and mutant DCX-GFP+ mice and a 
normal wild type mouse were isolated and digested in tissue dissociation media. 
After digestion, tissue was triturated to achieve a single cell suspension. A purified 
GFP+ population was isolated using FACS for GFP, with normal wild type cells as a 
negative control. FACS plots reveal no GFP+ cells in the negative control (Figure 27 
A top panel), while the WT DCX-GFP+ mice showed about 5% GFP positive cells 
(Figure 27 A, bottom panel). Similar GFP positivity was seen in sorting for β8-/- 
brains. WT and mutant DCX-GFP+ cells were resuspended in complete 
neurosphere media and allowed to form free-floating spheres. Immunoblots were 
performed to analyze neuroblast purity in GFP+ neurospheres. GFP was highly 
expressed in sorted neurospheres while none was detected in unsorted spheres. 
The neuroblast marker DCX, and neuronal marker Tuj1 were highly expressed in 
purified cells as well, while GFAP, a marker for astrocytes and NSCs, was greatly 
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reduced (Figure 27 B). GFP expression was also confirmed using an inverted 
fluorescent microscope. Most of the cells within both WT and mutant neurospheres 
were GFP-positive (Figure 27 C). Also of note was the smaller size of the mutant 
DCX-GFP+ neurospheres, in comparison to wild type. This slower growth was 
similar to the growth pattern noticed in unsorted mutant neurospheres (Figure 15 B, 
C).  
 Expression of α5β1 and α6β1 was analyzed because laminin receptors, most 
notably α6β1, have been previously implicated in neuroblast migration (139) 
Additionally, αv expression was previously shown in the RMS (140), however the 
status of β8 integrin in adult neuroblasts is unknown. Integrin status in purified 
neuroblasts was determined using biotinylation/immunoprecipitation of wild type 
DCX-GFP+ neurospheres. Spheres were allowed to adhere to a laminin substrate 
for 4 days, followed by biotinylation for 30 minutes. Lysates were then prepared and 
immunoprecipitations were performed with anti-β8, anti-αv, anti-α5 and anti-α6 
antibodies. As expected, expression of α5 and α6 and their binding partner β1, as 
well as αv and β8,  were observed in purified neuroblasts (Figure 27 D). 
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Figure 26: Confirmation of GFP Expression in DCX-GFP+ Mouse 
Wild type and β8-/- mice were crossed to DCX-GFP+ mice to obtain mice that were 
DCX-GFP+;WT, and DCX-GFP+, β8-/-. DCX-GFP+ WT and mutant mice were then 
sacrificed and sagittal brain sections were immunostained to show neuroblasts in 
the RMS with anti-GFP and anti-PSA-NCAM antibodies. (A, B) In both wild type (A) 
and β8-/- (B) mice, neuroblasts at the beginning of the RMS, just caudal to the SVZ, 
show perfect colocalization for GFP and PSA-NCAM. (C, D) At the end of the RMS 
where neuroblasts begin to enter the olfactory bulb, wild type (C) and mutant (D) 
neuroblasts stained with GFP and PSA-NCAM colocalize. Note the individual chains 
of neuroblasts in β8-/- mice (B, D), which were not observed in wild type 
neuroblasts (A, C). Arrows indicate the direction of neuroblast migration to the OBs. 
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Figure 27: DCX-GFP Mice Allow for Ex Vivo Isolation of Purified Neuroblasts. 
(A) The SVZ and olfactory bulbs were isolated from wild type and β8-/- DCX-GFP+ 
mouse brains, as well as from a wild type DCX-GFP- mouse. Tissue was triturated 
into a single cell suspension. GFP+ neuroblasts were selected using flow cytometry. 
The GFP- population (top panel) was used to establish gates for the GFP+ 
population from wild type (bottom panel) and β8-/- mice (not shown). (B) 
Immunoblots were performed to compare unsorted vs. GFP-sorted wild type 
neurospheres. Expression of GFP was only observed in GFP sorted neurospheres. 
Additionally, neuronal markers DCX and Tuj1 were expressed at higher levels and 
one NSC marker, GFAP, exhibited much lower expression in GFP-sorted 
neurospheres. (C) Isolated GFP+ neuroblasts were resuspended in complete 
neurosphere growth media with EGF and FGF and neurospheres were allowed to 
form. GFP expression was analyzed in neurospheres from both wild type (top 
panel) and mutant (bottom panel) mice, both express similar levels of GFP. β8-/- 
spheres were noticeably smaller and took longer to grow compared to wild type. (D) 
Wild type neurospheres were adhered to a laminin substrate for 4 days before 
performing a biotinylation and IP. Lysates were made and IP was performed to 
examine cell surface expression of integrin subunits: β8, αv, α5, α6. 
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Marker Analysis of GFP+ Purified Neurospheres Reveals Less Differentiated 
Population in β8-/- Neurospheres. 
  WT and β8-/- DCX-GFP+ neuroblasts were analyzed for expression of 
various neural stem and neuronal markers to determine the purity of the isolated 
population. For western blot analysis, lysates were prepared from neurospheres 
from WT and mutant mice, which had been GFP sorted. Additionally, 
immunostaining was performed on neurospheres that were allowed to adhere to a 
laminin substrate for 5 days, followed by fixation in paraformaldehyde. Commonly 
used neural stem cell markers, nestin and GFAP, were analyzed by immunoblot. 
Additionally, GFP expression and αv and β8 expression was further confirmed via 
western blot. As previously shown, wild type GFP+ purified neurospheres express 
αv and β8 integrin, but mutant neurospheres express only αv, indicating that other 
αv binding β subunits are expressed. Equal levels of GFP were also observed. 
GFAP expression was similar in both wild type and mutant neurospheres, however, 
expression of nestin was increased in mutant neurospheres (Figure 28 A). The 
results observed through immunoblots were confirmed with immunostaining for anti-
Nestin and anti-GFAP. Indeed, β8-/- mutant neurospheres showed increased 
expression of nestin when compared to wild type neurospheres (Figure 28 B middle 
panel), but similar levels of GFP expression were observed (Figure 28 B left panel). 
Additionally, the morphology of nestin positive cells in the mutant neurospheres 
appeared more elongated when compared to nestin positive cells in wild type 
neurospheres. GFAP was similarly expressed in both wild type and β8-/- 
neurospheres at low levels (Figure 28 C). 
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 Neuronal markers were also analyzed. Anti-PSA-NCAM and anti-DCX were 
used as neuroblast markers, and anti-Tuj1 and anti-Map2 were used as more 
differentiated neuronal markers. Western blot analysis for neuroblast markers 
revealed similar expression of both PSA-NCAM and DCX, in wild type and mutant 
neurospheres. The anti-Map2 immunoblot showed similar levels of expression in 
both wild type and β8-/- neurosphere lysates; however, blotting for Tuj1 showed 
greatly increased levels in wild type cells compared to mutants (Figure 29 A). The 
diminished Tuj1 expression in combination with increased expression of nestin in 
β8-/- cells suggests that β8-/- neuroblasts are less differentiated than wild type 
neuroblasts. Immunostaining for anti-Map2 and anti-PSA-NCAM in wild type and 
mutant neurosphere attached to a laminin substrate indicate similar expression 
levels (Figure 29 B,C), confirming results observed in western blots.  
 While integrin expression was analyzed previously with wild type 
neuroblasts, comparison of integrin levels between wild type and β8-/- 
neurospheres was further analyzed. Biotinylation and immunoprecipitation were 
performed on wild type and mutant neurospheres attached to laminin, for αv, α5 and 
α6 integrins. Additionally, an immunoblot was performed for β1 integrin. In β8-/- 
neurospheres, increased expression of three α-integrin subunits was observed as 
well as increased β1 integrin expression (Figure 30 A). Immunoprecipitation for αv 
showed a corresponding band at around 100kD that correlates to either β3 or β5 
integrin subunits, as well as a very faint band around 125kD corresponding to the 
β1 subunit, while IP’s for α5 and α6 have a lower band showing their β1-binding 
partners. Immunostaining analysis in wild type and β8-/- neurospheres confirms the 
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increase in α5 and β1 expression in the mutant (Figure 30 B, lower panels) 
neurospheres when compared to wild type (Figure 30 B, upper panels). These 
findings suggest that other integrins may be upregulated in order to compensate for 
loss of β8 integrin in the RMS of mutant mice, or that β8 integrin functions to 
regulate levels of other integrins. 
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Figure 28: Analysis of DCX-GFP+ Neuroblasts for NSC Markers. 
(A) Lysates were prepared from wild type and β8-/- GFP+ FACS sorted 
neurospheres. Immunoblots were performed with anti-αv, anti-β8, anti-nestin, anti-
GFAP, anti-GFP, and anti-actin antibodies. As expected, β8-/- spheres show no 
expression of β8 protein. Interestingly, β8-/- spheres exhibit enhanced nestin 
positive cells when compared to the wild type cells. (B,C) DCX-GFP+ wild type and 
β8-/- neurospheres were adhered to a laminin substrate and allowed to migrate for 
48 hours, followed by fixation and immunostaining with anti-GFP in combination 
with NSC markers. (B) Cells were immunostained with anti-nestin. Similar levels of 
GFP expression were observed, however β8-/- spheres showed higher expression 
of nestin, as observed in western blot. (C) Cells were immunostained with anti-
GFAP. Similarly low levels of GFAP were observed in both wild type and β8-/- 
neuroblasts.  
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Figure 29: Analysis of Neuronal Markers in DCX-GFP+ Neuroblasts. 
(A) Lysates were prepared from wild type and β8-/- GFP+ FACS sorted 
neurospheres. Immunoblots were performed with anti-PSA-NCAM, anti-Tuj1, anti-
DCX, antii-MAP2, and anti-actin antibodies. Similar expression levels were seen for 
all immunoblots except for anti-Tuj1. Increased levels of Tuj1 protein were observed 
in wild type neurospheres compared to mutant. (B,C) DCX-GFP+ wild type and β8-
/- neurospheres were adhered to a laminin substrate and allowed to migrate for 48 
hours, followed by fixation and immunostaining with anti-GFP in combination with 
neuronal markers. (B) Immunostaining with anti-DCX and anti-MAP2, neuronal 
markers, revealed similar expression levels in both populations. (C) Cells from wild 
type and β8-/- mice were immunostained with an anti-PSA-NCAM antibody. Similar 
staining patterns were detected in both wild type and β8-/- GFP+ cells.  
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Figure 30: Integrin Expression Analysis in WT and β8-/- DCX-GFP+ 
Neuroblasts. 
(A) GFP+ sorted WT and β8-/- neurospheres were allowed to adhere to laminin 
substrate and 4 days later were biotinylated. Lysates were made and similar levels 
of protein were used for immunoprecipitation with anti-αv, anti-α5, and anti-α6 
antibodies, or immunoblotted with anti-β1 antibody. Increased levels of β1 integrin 
and all three of the α subunits analyzed were increased in β8-/- neurospheres when 
compared to wild type. (B) DCX-GFP+ wild type and β8-/- neuroblasts adhered to 
laminin were immunostained with anti-α5 (left panel) and anti-β1 (right panel) 
antibodies. Increased expression of both was observed in β8-/- cells, which 
correlates with western data. 
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In vitro Neurosphere Migration Assay Confirms Migration Defects Observed in 
the β8-/- Mouse Brain.  
 Neurospheres isolated from wild type and β8-/- P60 mouse brains were 
allowed to adhere to laminin-coated dishes for 30 minutes to allow them to settle 
and attach. After 30 minutes neurospheres were imaged using an inverted 
microscope with regulated humidity and CO2 regulation. Images were taken every 4 
hours for 48 hours. Both wild type and mutant neurospheres began to flatten out 
and cells migrated away from the neurosphere core, however mutant neurospheres 
migrated much slower than their wild type counterparts (Figure 31A). The migration 
defect was quantified by calculating the surface area of migrating neurospheres 
(n=10 for both wild type and β8-/- neurospheres). While neurospheres of similar 
size were selected for this assay, the difference in sizes was accounted for by 
normalization to sphere sizes at 0 hours. Indeed the mutant neurospheres migrated 
significantly less at both the 24hr and 48hr timepoints (Figure 31 B). 
 Experiments using αv and β1 blocking antibodies in the neurosphere 
migration assay, confirmed the functional importance of αvβ8 integrin. Wild type and 
β8-/- neurospheres were incubated in media containing 5μg/ml anti-αv or anti-β1 
blocking antibodies or IgG controls, prior to adherence to a laminin-coated dish. 
Neurospheres were imaged over 48 hours with images taken every 4 hours. 
Migration was then quantified as described above. Addition of β1 blocking antibody 
completely inhibited migration in both wild type and β8-/- neurospheres (Figure 32 A 
white bars). This result was expected based upon previous reports indicating the 
requirement for β1 integrin for RMS migration (110, 140).  Wild type neurosphere 
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migration was inhibited with the addition of αv integrin blocking antibody. However, 
mutant neurospheres were not significantly inhibited by the αv-blocking antibody, 
but IgG control β8-/- neurospheres migrated less that did the wild type 
neurospheres with αv blockage (Figure 32 A, grey bars), suggesting that not all 
αvβ8 integrin was blocked with the antibody, or another migratory pathway is 
operating. This result indicates that both αvβ8 integrin and β1 integrins are 
necessary for proper migration. In addition to this, the upregulation of β1 integrin 
seen in β8-/- neurospheres (Figure 30) suggests interplay between αvβ8 and β1 
integrins in neuroblasts. 
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Figure 31: Migration is Defective in β8-/- Neurospheres.  
(A) Wild type and β8-/- neurospheres of similar sizes were plated on laminin coated 
plates and imaged on an inverted light microscope for 48 hours. Images were taken 
every 6 hours. Representative images from wild type (top panel) and mutant 
(bottom panel) are shown at 0hr, 24h, and 48h. Periphery of sphere migration is 
outlined with white dashed lines. (B) Quantitation of sphere migration was 
performed by calculating surface area of sphere migration and normalizing back to 
0hr sphere size for wild type (n=12) and mutant (n=12) neurospheres. β8-/- 
neurospheres exhibited significantly less migration at both 24h and 48h. *p < 0.01.  
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Analysis of αvβ8 Integrin-Mediated TGFβ Activation in Neuroblast Migration 
 To explain the neuroblast migration defects observed in the β8-/- mouse 
brain and in vitro neurosphere assays mechanistically, TGFβ signaling was 
analyzed. A neurosphere migration assay was again utilized. Wild type and β8-/- 
neurospheres (n=10 for each) were incubated with anti-TGFβ blocking antibody 
(5μg/ml) or active TGFβ (10ng/ml) for 30 minutes then adhered to laminin-coated 
dishes. Neurosphere migration was quantified at 12, 24, and 36-hour timepoints 
using total surface area with 0hr normalization (Figure 32 B). Addition of TGFβ-
blocking antibody to wild type neurospheres caused a significant migration 
decrease at 24 and 36 hours. No significant differences were noticed in mutant 
neurospheres when TGFβ was blocked at any timepoints analyzed. Exogenous 
addition of active TGFβ however, did have an effect on β8-/- neurospheres. 
Migration in mutant neurospheres with the addition of active TGFβ was rescued to 
near wild type levels by 36 hours. Active TGFβ had very little effect on wild type 
neurospheres. At later timepoints it seemed to cause a slight, butnot statistically 
significant, inhibition in migration.  
 Lysates from wild type and β8-/- DCX-GFP+ neurospheres, attached to a 
laminin substrate, were prepared and immunoblots were performed to analyze 
various signaling effectors. TGFβ signaling was examined through immunoblotting 
for the canonical signaling SMADs. Total SMAD expression levels were similar 
between wild type and knockout neurospheres. However, western blots for 
phosphorylated SMAD1,5,8, SMAD2, and SMAD3 revealed decreased canonical 
TGFβ signaling in β8-/- mice. Decreased levels of phosphoTAK1 and phospho-p38 
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expression, MAPKs that are phosphorylated by TGFβ receptors, further suggests 
TGFβs importance. Additionally, ERK signaling was further analyzed with an anti-
phospho ERK1/2 antibody; however, no differences in phosphorylated ERK were 
observed between wild type and mutant lysates. Analysis of AKT1 signaling, using 
total and phospho AKT antibodies revealed similar levels of the total protein but 
increased phosphorylated AKT in β8-/- neurospheres (Figure 32 C). Taken 
together, these results point to a role for integrin mediated activation of TGFβ in 
neurosphere migration. 
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Figure 32: In Vitro Neurosphere Migration is Integrin and TGFβ Dependent. (A) 
Neurospheres from wild type and β8-/- P60 mice were incubated with anti-αv, anti-
β1, IgG blocking antibodies (A) or anti-TGFβ blocking antibody and recombinant 
TGFβ1 (B) for 1 hour prior to adherence to laminin substrate. Migration was 
quantified at 12, 24 and 48 hours, through normalizing the surface area back to the 
0 hour timepoint (n=12 for both WT and β8-/-). (A) Inhibition of β1 integrin blocked 
migration completely in both wild type and mutant neurospheres (**p < 0.001). αv-
blocking antibody produced a significant inhibition of migration in the wild type 
neurospheres (*p < 0.05). In contrast, mutant neurospheres showed very little 
inhibition of migration with αv blocking. (B) Blockage of TGFβ caused a significant 
reduction in migration in wild type neurospheres at both 24 and 36 hours (*p < 
0.05). A similar reduction was not seen in mutant neurospheres at any timepoints 
analyzed. Addition of recombinant TGFβ1 revealed no effect on migration in wild 
type neurospheres, however in mutant spheres a trend was noticed towards 
increased migration at 24 and 36 hours, however no significance was noted. (C) 
Lysates from WT and β8-/- sorted neurospheres were immunoblotted for TGFβ and 
MAPK signaling molecules. Antibodies used were anti-pSMAD2, anti-pSMAD3, anti-
pSMAD1,5,8, anti-SMAD, anti-phospho p38, anti-TAK1, anti-pAKT, anti-AKT and 
anti-pERK. 
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Discussion: 
 Here, evidence is provided that β8 integrin is required for proper neuroblast 
chain formation and directional migration. First, ablation of β8 integrin in the adult 
brain causes neuroblast chain disorganization in the RMS. Second, the expression 
of αv and β8 integrin was established in neuroblasts isolated from the SVZ and 
RMS. Upon loss of β8 integrin, altered expression of other integrin subunits was 
noted, suggesting a compensatory mechanism or regulation of other integrins by β8 
integrin. Finally, integrin-mediated TGFβ activation in the RMS appears to have an 
autocrine effect on migration of neuroblasts. 
 
αvβ8 Integrin in Neuroblasts is Necessary for Proper Chain Migration in the 
RMS 
 Analysis of neuroblast migration in the RMS of β8-/- mice revealed the 
requirement of β8 integrin for proper chain formation and migration. Loss of β8 
integrin causes disorganization in chains of neuroblasts as well as glial tube 
astrocytes in the RMS (Figure 21 B). Examination of the neuroblast chains in the 
adult β8-/- RMS revealed that chains do form; however, many clusters of 
neuroblasts veer off from the RMS, which was not observed in the wild type RMS. 
Previous studies, using CNS specific β1 knockout mice, have shown a similar 
defect in chain formation in the RMS when β1 integrin is lost (110). β1 integrin was 
highly expressed in the β8 mutant brain, and neurospheres isolated from the mutant 
brain displayed increased levels of α5β1 and α6β1 (Figure 29 A).  The increase in 
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β1 suggests that this integrin may be upregulated to compensate for the loss of β8 
integrin. However, it may also reveal that β8 integrin regulates expression of β1 in 
neuroblasts. Furthermore, in vitro studies indicate that complete loss of β8 in 
combination with a β1-blocking antibody leads to complete inhibition of neurosphere 
migration. A similar result was seen in wild type neurospheres treated with β1 
blocking antibody (Figure 31A). However, when a αv integrin-blocking antibody was 
used in wild type neurospheres, to block β8 function, a minor, yet significant, 
decrease in neurosphere migration was noted. These results indicate that while β8 
is necessary for migration, it cannot function alone, and likely requires the presence 
of β1 integrin.  
 Cues for neuroblast migration likely emanate from astrocytes in the glial tube 
and the vasculature (141, 154). Neuroblast chains migrate in close association with 
blood vessels aligned parallel to migrating neuroblasts in the RMS (49, 141). 
Observations in wild type and mutant mice indicate that neuroblasts migrate 
associated with blood vessels in both wild type and mutant mice. However, several 
individual clusters of neuroblasts seen in the β8-/- RMS did not appear to be 
affiliated with blood vessels, indicating loss of proper signaling. The argument could 
be made that they are migrating away in a pathological response. However, this is 
unlikely since in response to stroke, neuroblasts migrate to the site of infarct along 
blood vessels (143). Further analysis is necessary to determine if the clusters of 
cells exhibit directional migration. While the association of neuroblasts with blood 
vessels was not lost, signals coming from the blood vessels may be defective. One 
important molecule is BDNF, which is expressed by endothelial cells and activates 
 136 
receptors on neuroblasts to regulate their migration (141). It is likely that αvβ8 
integrin-mediated TGFβ signaling could play a role in neuroblast migration as well 
by regulating migration factors expressed in endothelial cells.  
 Additionally, β8 integrin is expressed in some GFAP+ astrocytes in the adult 
brain. Several studies have reported that loss of glial tube organization correlates 
with disrupted neuroblast chain migration including loss of PSA-NCAM and Slit1 
(110, 111, 155). Slit proteins bind to their receptor, Robo, and guide neuronal 
migration in the developing CNS through chemorepulsion (156, 157).  Slit1 is 
expressed in migrating neuroblasts (155), and a recent report shows expression of 
Robo on glial tube astrocytes. Signaling between Slit-Robo is necessary for 
neuroblast migration and glial tube maintenance (134).  Collectively, these data 
suggest that astrocyte-neuroblast direct contact through adhesion molecules, and 
secreted factors from either neuroblasts or glial tube astrocytes are necessary for 
neuroblast migration in the adult RMS. Here, abnormal association between 
migrating neuroblasts and astrocytes of the glial tube was observed in β8-/- mice, 
likely due to the uncoupling between the two cell types, and loss of TGFβ activation 
and signaling. 
 
 
 
αvβ8 Integrin Mediated Activation of TGFβ in Neuroblast Migration 
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 One potential role for αvβ8-mediated activation of TGFβ was demonstrated 
in the last chapter in NSC-blood vessel communication. A recent report indicates 
that loss of SMAD3 reduces proliferation and migration of neuroblasts in the RMS 
(151). Here, analysis of TGFβ signaling in DCX-GFP+ isolated neuroblasts 
suggests another potential role. Our model for αvβ8-mediated activation of TGFβ in 
the SVZ caused upregulation of secreted factors in endothelial cells, which regulate 
NSCs (Figure 19). The previous aim indicated that TGFβ is indeed activated by 
αvβ8 integrin in neurospheres (Figure 18 A). Immunoblots of lysates from DCX-
GFP/+; β8-/- sorted neurospheres with no exogenous addition of TGFβ, revealed 
very low levels of SMAD phosphorylation when compared to wild type 
neurospheres. Furthermore, a TGFβ blocking antibody caused decreased migration 
in wild type neurospheres and addition of active TGFβ showed a trend towards 
rescuing mutant neurosphere migration (Figure 31 B). These results indicate that 
neuroblasts are producing TGFβ and signaling in an autocrine manner. However, 
even GFP+ sorted neurospheres were not a homogenous population of 
neuroblasts. GFAP+ astrocytes and nestin positive progenitors were also present 
within the spheres. Because of the heterogeneity, it is difficult to determine if 
autocrine TGFβ signals regulate neuroblast migration, or if signaling in another cell 
type, perhaps glial tube astrocytes or endothelial cells in vivo, upregulate various 
paracrine factors to control neuroblast migration. 
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Summary 
 This study was the first to detail specific functions of β8 integrin in the adult 
neural stem cell vascular niche. The key findings are highlighted below: 
1. Many β8-/- mice crossed to ICR/CD1 background survive to adulthood. 
Hemorrhage was resolved by around 3 weeks of age; however, as mutants 
age they develop severe neurological phenotypes, including rigid gait, hind 
limb paresis and seizures (Figure 6). 
2. Adult β8-/- mice have increased total vessel numbers throughout the brain, 
associated with increased coverage by astroglial processes, however the 
blood brain barrier is likely intact (Figure 8). 
3. Abnormal cytoarchitecture in the SVZ of the β8-/- adult brain was observed. 
Additionally, increased apoptosis, decreased proliferation and increased 
numbers of DCX+ neuroblasts in the SVZ indicate an important function for 
β8 integrin in NSC proliferation and survival (Figures 10,11).  
4. In vitro neurosphere assays indicated self-renewal, proliferation and 
differentiation defects in NSCs isolated from β8-/- mice, further revealing 
functions for β8 integrin in NSC regulation (Figures 15,16). 
5. αvβ8 integrin mediated activation of TGFβ is responsible for the defects 
observed in NSC through a paracrine signaling interaction between blood 
vessels and NSCs in the vascular niche (Figure 18).  
6. β8-/- olfactory bulbs are reduced in size, and neuroblasts and glial tube 
astrocytes in the rostral migratory stream are disorganized, suggesting 
functional roles for β8 integrin in neuroblast migration (Figures 9, 21). 
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7. In vitro neurosphere migration was significantly reduced in β8-/- mouse 
neurospheres, further confirming a role for β8 integrin in neurosphere 
migration (Figure 31). 
8. Analysis of integrin expression in purified neuroblasts revealed increased 
expression of β1 integrins when β8 integrin is absent, suggesting a potential 
role for β8 integrin in regulation of β1 integrins in migrating neuroblasts 
(Figure 30), or suggesting that β1 integrins compensate for the loss of β8 
integrin.  
9. Blocking TGFβ in wild type neurospheres led to decreased migration, and 
addition of active TGFβ enhanced the migration of β8-/- neurospheres, 
demonstrating αvβ8 integrin mediated activation of TGFβ functions in 
neuroblast migration (Figure 32). 
 Understanding the function of αvβ8 integrin in the adult neural stem cell 
vascular niche and in migration of neuroblasts in the RMS adds insight as to how 
NSCs communicate with their niche. Until now, very little was known about specific 
signaling events that take place between NSCs and the vasculature in the niche. 
Increasing our understanding about these interactions will not only lead to a better 
understanding about how β8 functions physiologically, but could also lead to several 
future studies examining functions for β8 integrin in various CNS pathologies which 
recruit cells from the NSC vascular niche.  
 Studies of several brain pathologies, including glioma, stroke and 
neurodegenerative diseases, have revealed that NSCs migrate toward the insult in 
normally non-neurogenic regions (158, 159). Aboody and colleagues have shown 
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that neural stem cell lines implanted into rat brains harboring a glioma are recruited 
to the site of the tumor and are capable of migrating long distances (159). In a 
mouse model using middle cerebral artery occlusion (MCAO), chains of neuroblasts 
from the SVZ were observed migrating in close association with blood vessels 
toward the injured striatum (143). Cues from angiogenic vessels at the injury site 
control the migration of neuroblasts from the SVZ and enhance their survival and 
differentiation (160, 161). Several models of the neurodegenerative disease, 
Huntington’s disease show increased SVZ proliferation and migration toward the 
striatum, which correlated with severity of the disease (162). 
 Additional studies using β8 knockout mice could be performed to understand 
the cellular interactions necessary to accomplish recruitment of NSCs and if β8 
integrin plays a similar role in pathological NSC migration. Our lab has shown that it 
is possible to induce tumors in wild type and β8-/- mice in a syngeneic model using 
transformed astrocytes from wt or β8-/- P0 neonates. Upon tumor formation, 
injection of NSCs cultured from wild type or β8 knockout mice and tracking the 
recruitment of those NSCs to the established tumor could help to identify 
interactions between normal microenvironment or β8-/- microenvironment and wild 
type or mutant NSCs. In a similar manner, the migration of wild type and β8-/- 
neuroblasts towards ischemia could be analyzed with an MCAO model. 
Endogenous neuroblast migration could be analyzed by tracking the migration of 
cells from the SVZ and RMS in the ischemic brain, or migration of injected 
neuroblasts towards the infarct could be analyzed. β8 integrin function in neuroblast 
differentiation and survival in the ischemic region could also be analyzed. 
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 The GLAST-CreERT2 inducible deletion of β8 integrin was used in this 
project to further validate the function of β8 integrin in the adult SVZ. Thirty days 
after tamoxifen injection, mutant mice displayed elevated levels of apoptotic and 
DCX+ cells, as well as decreased proliferation of cells in the SVZ. However, 
neuroblast migration in this model was not closely examined. Further examination of 
the RMS at various timepoints after tamoxifen injection will be needed to further 
establish β8 integrins function in adult neuroblast migration, and potentially prove 
that the migration defects in complete β8-/- and N-Cre β8 mutant brains are not a 
result of the developmental defects.  
 Additionally, we have identified an important function for αvβ8-mediated 
activation of TGFβ in both maintenance of the SVZ and in neuroblast migration. 
While our data indicate that TGFβ is important, there are still several studies that 
should be done to further understand its function. We have proposed that TGFβ 
signaling in endothelial cells (EC) controls neural stem cells in the vascular niche in 
a paracrine manner. To validate this model several additional studies using 
coculture systems could be performed. We have made several attempts in the past 
to establish a NSC-EC coculture system, but media compatibility issues were a 
limiting factor, because neurospheres must be grown in serum free media, while 
ECs must grow in serum containing media. Our lab recently acquired an early 
region 4 open reading frame 1 (E4ORF1) adenoviral vector. This vector will enable 
us to create endothelial cells that proliferate similar to early passage endothelial 
cells and exhibit long-term survival in the serum free conditions required for 
neurospheres to grow (163). With these ECs coculture studies can be performed to 
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look at interactions between ECs and NSCs either in direct contact, or through 
secreted factors in a transwell assay. This will help us to further identify signaling 
effectors that regulate NSCs through αvβ8 integrin-mediated TGFβ activation. 
Furthermore, these cocultures could be used to examine the migration of wild type 
and β8-/- neuroblasts along blood vessels using timelapse imaging to determine 
how ECs and NSCs interact in a three-dimensional matrix. 
 Increased expression of β1 integrins was observed in purified neuroblasts 
from β8-/- mouse brains. This suggests a possible regulatory function for β8 integrin 
of other integrins. Here, we have reported increased levels of TGFβ signaling in β8-
/- neuroblasts. Previous reports show that TGFβ can control integrin expression. 
Additional studies could be performed to find a link between αvβ8-mediated TGFβ 
activation and TGFβ regulation of β1 integrins. Anti-TGFβ blocking antibodies could 
be added to wild type neuroblasts, and levels of integrins could then be assessed. If 
TGFβ is indeed regulating β1 integrin expression levels we would expect to see 
increased β1 expression in wild type neuroblasts when TGFβ signaling is blocked. 
In vivo studies could also be performed looking for colocalization of β1 integrin and 
phosphorylated SMAD proteins in both wild type and β8-/- mouse brains.  
 Further analysis of RMS neuroblast migration could increase our knowledge 
of interactions between neuroblasts and astrocytes of the glial tube. In a similar 
manner as EC-NSC cocultures, astrocytes and neuroblasts could be co-cultured to 
directly assess the interactions necessary for neuroblast migration. Studies to 
determine if β8 integrins expression specifically in astrocytes or in neuroblasts or 
both is required for proper migration could be accomplished. Also, in vivo analyses 
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could be performed to determine these interactions in the RMS. Determination of 
which cell type, astrocytes, neuroblasts or both require β8 integrin for proper 
migration could be performed using GFP+ neuroblasts isolated from wild type and 
β8-/- mice. Wild type neuroblasts could be injected into the β8-/- RMS to analyze 
expression of β8 integrin on neuroblasts, or β8-/- neuroblasts could be injected into 
the wild type RMS to determine the role of β8 integrin in glial tube astrocytes. Brains 
could then be analyzed with markers for neuroblasts (DCX or PSA-NCAM) and 
astrocytes (GFAP) as well as GFP to determine where the injected cells have 
migrated. Together, these experiments would help determine if expression of β8 
integrin is required only on neuroblasts or astrocytes, or both cell types for proper 
neuroblast migration in the RMS.   
 In addition to the defects observed in the SVZ and RMS, our initial analysis 
of the adult β8 null mouse brain revealed disorganization in several other areas of 
the brain. The corpus callosum in the β8-/- brain is incompletely formed likely due to 
defects in neuronal migration during development. Slit and robo play established 
roles in directing neuronal migration for corpus callosum development (164). This, 
along with recent findings indicating a function for slit/robo in neuroblast migration in 
the RMS (134), suggests an additional function for β8 integrin in regulation of either 
slit or robo. The RMS and the corpus callosum could be studied to decipher this 
role.  
 Analysis of β8 integrins’ function in the other major adult neurogenic region, 
the subgranular zone of the dentate gyrus, should also be done. Our analysis of 
adult β8 knockout mice revealed abnormal architecture in the hippocampus, 
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including increased thickness of the hilus and abnormal dendritic projections in the 
CA3 region of the dentate gyrus. These findings indicate further roles for β8 integrin 
in the dentate gyrus. Simliar analysis of NSCs in this region using both in vivo as 
well as in vitro neurosphere assays could be used to determine if β8 plays a similar 
functional role in NSC regulation and migration.  
 Collectively, my thesis project has identified a novel function for β8 integrin in 
adult neurogenesis and neurovascular homeostasis using complete, conditional and 
inducible β8 integrin knockout mouse models. More detailed examination of the β8-
/- mouse model will identify several other functions beyond the novel functions 
demonstrated here.  
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